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Abstract

Mesenchymal stem cells (MSCs) have immuno-regulatory, anti-inflammatory, and pro-
angiogenic properties through the secretion of a myriad of trophic factors, and have been
shown to have a beneficial effect on graft function. In this thesis we investigated whether
MSCs’ have an effect on neonatal porcine islets (NPIs) in vitro and in vivo. For the in vitro
studies, NPIs were cultured with or without MSCs for 48 hours and a glucose stimulated
insulin secretion (GSIS) assay was administered. NPIs cultured with MSCs had higher
cellular insulin content and improved GSIS. For in vivo studies, NPIs cultured with or
without MSC were transplanted under the kidney capsule of streptozotocin-induced
diabetic B6.129S7-Ragl™Mom/] mjce and glycemia and weight were measured weekly. An
oral glucose tolerance test was administered when mice reached normoglycemia. Co-
transplantation of NPIs and MSCs resulted in earlier reversal of diabetes, improved
glucose tolerance, higher insulin content and improved vascularization. One experiment
conducted with MSCs from a donor with an autoimmune disease resulted in no improved
transplant outcomes. Co-transplantation of human MSCs with NPIs is demonstrated to
have a beneficial effect on transplant outcomes, likely due to improved early
vascularization and islet insulin secretion. Furthermore, donor pathology can impact

MSC properties.
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CHAPTER 1: INTRODUCTION

1.1 DIABETES MELLITUS

Diabetes mellitus is a broad term defined by chronic high blood sugar levels. There are
several types, including diabetes mellitus type I (TIDM), diabetes mellitus type II (T2DM),
gestational diabetes and maturity onset diabetes of the young (MODY). Diabetes is
characterized by polyuria (increased urination), polydipsia (increased thirst), polyphagia
(increased hunger), caused by high blood glucose. According to the World Health
Organization (WHO), diabetes is diagnosed by a fasting blood glucose of > 7.0 mmol/L

and blood glucose of > 11.1 mmol/L two hours post oral glucose tolerance test (1).

The pathogenesis of T2DM is characterized by a progressive decline in insulin sensitivity,
followed by decline in insulin secretion. T2DM, formerly known as adult onset diabetes,
has been rising at an alarming rate in the pediatric community, with 8 — 45% of newly
diagnosed pediatric diabetes cases being T2DM (2). T2DM and insulin resistance is
strongly associated with obesity, although the majority of obese individuals do not develop
T2DM (3), suggesting there is also a genetic component to the development of T2DM. In
fact, twin concordance rates indicate that this is the case (4). Genome wide association
studies have found a number of single nucleotide polymorphisms (SNPs) that contribute
risk to an individual, including TCF7L2 which carries a 40% higher risk, among many
others (4). It is clear that environmental factors, such as lifestyle, as well as a genetic
predisposition contribute to disease development. Treatment plans include diet, exercise,

and medications to increase insulin sensitivity.



Gestational diabetes is associated with exceeding recommendations for weight gain during
pregnancy (5). It is defined by glucose intolerance which starts during pregnancy (6).

Gestational diabetes is usually managed by diet and exercise, and usually resolves after

birth.

Maturity onset diabetes of the young (MODY) is caused by a rare single gene mutation,
often in HNF1A, HNF4A, PDXI1, GCK or HNFIB (7). MODY consists of progressive 3-cell
dysfunction and hyperglycemia (7). Because of the increased incidence of T2DM in the

pediatric population, MODY is often mistaken for T2DM because of similar clinical

presentations (7). It requires a genetic screen for the mutated gene for diagnosis (7).

1.2 DIABETES MELLITUS TYPE |

TIDM is caused by selective autoimmune destruction of B-cells, the insulin producing
cells of the pancreas, resulting in absolute insulin deficiency. Beta-cells are organized
within cell aggregates known as the islets of Langerhans. The islets of Langerhans consist
of various endocrine cell types; -, a-, 8-, and y-cells which secrete insulin, glucagon,
somatostatin, and pancreatic polypeptide, respectively. As the autoimmune destruction

that occurs in TIDM is selective for B-cells, the disease only impacts insulin secretion.

TIDM accounts for 5-10% of individuals with diabetes (8). The untreated disease is
characterized by polyuria, polydipsia, weight loss, polyphagia, and blurred vision (8).
Chronic hyperglycemia can lead to susceptibility to infection and ketoacidosis (8). Even

with treatment, long-term complications of diabetes include retinopathy, foot ulcers or



amputation, organ dysfunction and damage (8), diabetic neuropathy, renal failure (9),

and cardiovascular disease (10).

The autoimmune destruction of -cells is initiated by a combination of genetic
predispositions and environmental factors (11, 12). The pathogenesis of diabetes is
strongly associated with haplotypes HLA-DR3-DQ2 and HLA-DR4-DQ8, with 90% of
individuals in Scandinavia with TIDM expressing these alleles (11). The appearance of islet
autoantibodies, most commonly GAD-65, IA-2 or insulin, are strongly associated with
HLA-DR-DQ haplotypes and strong predictors of development of TIDM (11). Genome-
wide association studies have identified more than 50 loci associated with genetic risk of
developing TIDM, with MHC HLA class II region on chromosome 6p21 conferring about

50% of the susceptibility risk (11).

A number of potential environmental triggers have been identified and studied in the
pathogenesis of TIDM (12). According to the WHO, the incidence of TIDM is rising in
middle and high income countries (13), and since migrants tend to acquire the risk of the
new country (14), this strongly suggests an environmental role in pathogenesis. Major
areas of study have been viral infection, intestinal microbiota, hygiene hypothesis, infant
diet, toxins, birthweight and infant growth (12). A number of infant diet studies,
including DAISY, BABYDIAB, ABIS, and DIPP have shown conflicting evidence with
association between diabetes and the timing of exposure to gluten, root vegetables, and
eggs (15-18). Viral infection is a promising line of research. A review of human studies

suggests a higher presence of enteroviruses and TIDM, although more research is



required with larger sample sizes (19). Rewers et al postulate that TIDM may be a
heterogeneous disease, explaining the contradictory evidence for environmental causes
(12). It is clear the topic is complex, and disease onset likely results from an intricate

combination of genetic and environmental factors.

According to an economic report by the Canadian Diabetes Association, the number of
individuals living with diabetes is expected to nearly triple in Canada between 2000 and
2020, from 1.3 million to 3.7 million (20). The economic burden of diabetes in Canada
due to both direct and indirect costs was $5.9 billion in 2000 and is expected to rise to
$16.9 billion by 2020 (20). Furthermore, each patient incurs personal costs of $1000 to
$15,000 per year (20), and over 57% of patients report being unable to adhere to
treatment because of high costs (21), which further exacerbates indirect costs due to
increased risk of long term complications. Consequently, this disease is not only an

individual concern, but also a significant economic burden.

1.2.1 INSULIN THERAPY

Exogenous insulin therapy is currently the standard treatment for TIDM patients. Frederick
Banting and Charles Best were the first to isolate insulin from the pancreas and reverse
hyperglycemia in diabetic patients (22). Banting was awarded the Nobel Prize in Physiology
or Medicine for this discovery in 1923. Insulin affords the opportunity for diabetic patients
to live relatively normal lives and maintain glycemic control. The typical regimen for TIDM
patients is to combine short- and long-acting insulin analogues to mimic as closely as

possible normal insulin release of the pancreas by using bolus insulin at mealtimes and



basal insulin between meals. The Diabetes Control and Complications Trial (DCCT)
revealed that it is optimal to maintain blood glucose between 3.9 and 6.7 mmol/L, and not
exceeding 10.0 mmol/L after meals (23). This intensive glucose control reduced the risk of
complications like microvascular complications by 76%, neuropathy by 60%, and renal
disease by 50% compared to standard therapy (23). However, intensive therapy comes with

a higher risk of hypoglycemic events (23).

Insulin is not an entirely ideal therapy, and it requires daily injections and strict blood
glucose monitoring. Because exogenous insulin does not perfectly mimic normal
pancreatic function, there is poor overall glycemic control and the risk of long-term
complications remains. Insulin therapy comes with a risk of hypoglycemic episodes (23),
which can often come without warning symptoms, especially for the hypoglycemic
unaware (24). Short term symptoms include tremor, anxiety, cold sweats, confusion,
feeling faint, and blurred vision (24). Repeated or severe hypoglycemic episodes can be
destructive to the brain (24). Neurological effects include amnesia, stroke, convulsions, and
cortical atrophy (24). Additionally, hypoglycemic episodes have the potential to result in

coma and sudden death (24).

There have been some recent advancements in insulin therapy beyond the traditional
insulin injections. Insulin pumps, which have evolved from large heavy machines in the
1970s to a pump that fits in a pocket today, deliver continuous basal rapid acting insulin
with programmed insulin boluses at mealtimes (25). Some models go a step further and

have continuous glucose monitor (CGM) technology, such as the Medtronic iPro2 (25).



These glucose monitors measure interstitial blood glucose every 3-5 minutes, providing a
continuous up to date glucose reading and a more accurate report of glycemia over time
(25). These CGMs can be paired with an insulin pump, or be on their own. Insulin pumps
are associated with a greater reduction in HbAIC, lower rates of retinopathy and peripheral
nerve issues (26), likely because of improved glycemic control due to the use of only rapid
acting insulin (25). There has also been some success with the “bionic pancreas”, which
involves CGM and two separate pumps delivering insulin and glucagon (25). It was found
that use of the bionic pancreas decreased average blood glucose levels and decreased
incidence of hypoglycemia (27), although further development of this technology is

required (25).

1.2.2 BETA-CELL REPLACEMENT

B-cell replacement is theoretically superior to traditional insulin therapy, since it eliminates
the need for exogenous insulin and restores normoglycemia. Because the body produces
insulin endogenously with B-cell replacement, it is able to act in a physiological manner
and respond to blood glucose directly. It improves variability of blood glucose and reduces
risk of hypoglycemia. B-cell replacement has shown to improve cardiovascular (28) and
renal function (29), and to decrease risk of cardiovascular death and overall mortality (30).
Furthermore, insulin independence improves the patient’s quality of life as the individual
no longer requires daily injections, constant blood glucose monitoring, and removes the

fear of hypoglycemia.



The two current methods of p-cell replacement are whole pancreas and islet

transplantation.

1.2.3 WHOLE PANCREAS TRANSPLANTATION

Pancreas transplantation is a method of B-cell replacement accomplished by transplanting
a whole pancreas into a patient. One-year graft survival rates are 74%, which drops to 51%

at five years’ post-transplant (31).

A major advantage of whole organ transplant is that the tissue is immediately vascularized
(32) since the donor vascular structure of the organ remain intact. Pancreas
transplantation, however, involves major surgery and is associated with a high surgical
morbidity, including pancreatic thrombosis, pancreatic leak, hemorrhage, abscess, hernia,

and major infection (33).

1.2.4 ISLET TRANSPLANTATION

Islet transplantation is an alternative method to B-cell replacement. This procedure is
minimally invasive, does not require surgery or general anesthesia (34), and is associated
with a low morbidity (32). Complications from islet transplantation are relatively minor,

including portal vein thrombosis, which can be resolved with anticoagulants (35).

Paul Lacy, an anatomist and researcher, and Walter Ballinger have often been credited as
the founders of islet transplantation, due to their successful work with rat islet

transplantation in diabetic streptozotocin induced diabetic rats in 1973 (36). Although the



rats did not reach normoglycemia, they were able to reduce hyperglycemia and resolve

diabetic symptoms such as polyuria (36).

Between 1990 and 2000, only 8.2% of islet grafts were still functional at one-year post-
transplant (37). In 2000, the landmark Edmonton Protocol reported insulin independence
of 7/7 patients at one-year post-transplant (37). The Edmonton Protocol used an advanced
technique of islet isolation using collagenase digestion of the pancreas and a glucocorticoid
free immunosuppressive regimen (37). The pancreas is enzymatically dissociated and the
islet-rich endocrine tissue, which is only 1-2% of the pancreas, is isolated from the exocrine
tissue (34). The tissue is separated into top and bottom layers via gradient purification,
resulting in the top layers containing significantly more islets than bottom layers (38). The
resulting small volume of islets is injected through the hepatic portal vein (37). Shapiro and
colleagues were able to resolve hypoglycemic episodes with a suboptimal dosage of islets
using the Edmonton Protocol, and completely resolve hyperglycemia and maintain insulin

independence in 100% of patients in their breakthrough study (37).

The initial expectation was not realized, however, and a five-year follow up study revealed
only 7.5% of patients were able to sustain insulin independence (39). There was at least
partial graft survival in 82% of patients who tested positive for C-peptide (39).
Furthermore, Ryan and colleagues were unable to see a pattern to predict graft function
as transplant outcomes were independent of factors such as donor age, sex, or weight, or
number of islets transplanted (39). Progressive loss of graft function, evidenced by

increasing HbAc scores, indicates loss of islets over time (39). According to Ryan and



colleagues, perfect B-cell function is very rarely achieved after transplant, suggesting
there may be an early loss of islets (40). There is significant loss of islets in the immediate
post-transplant period due to inflammatory events (41), apoptosis (42), and hypoxia (43).
Mouse models using syngeneic islet transplants have found up to 60% of the islet graft
undergoes apoptosis, of which 30% occurs in the first 3 days after transplantation (42).
Activated coagulation factors and insulin release immediately post-transplant is
indicative of a non-specific inflammatory response and islet damage following

transplantation, peaking at 15 and 30 minutes respectively (41).

Another factor contributing to early islet loss may be inadequate blood supply in the
immediate post-transplant period (44). During islet isolation the inter-islet vascular
connections are broken, and the islets are avascular during transplantation (44). It takes
2-4 days for the angiogenic process to begin, and completes in about 14 days (45, 46).
Mouse models have shown there is markedly decreased oxygen tension in the islet graft

up to 9 months after transplantation (47).

There are many complications associated with immunosuppressive therapy such as
infection, hypertension, hyperlipidemia, impaired renal function, and a 3-4 fold risk of

cancer (48).
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1.3 ISLET FUNCTION AND SURVIVAL

1.3.1 NORMAL ISLET FUNCTION IN NON-DIABETICS

The average pancreas has between 300,000 and 1.5 million islets, and only about 60% of
the islet mass is necessary to maintain glucose control (49). The pancreas is composed of
highly heterogeneous tissue; aside from pancreatic islets, there is acinar, ductal, vascular,
and nerve cells (50). This environment is likely extremely important for the proliferation,

differentiation, and regeneration of'islets (50).

[slets are composed of B-cells, a-cells, 3-cells, and y-cells which secrete insulin, glucagon,
somatostatin, and pancreatic polypeptide respectively. In rodents, islets are organized
with non B-cells surrounding a B-cell core (50). Human islets are less structured, with 3-
cells, a-cells, §-cells, and y-cells dispersed throughout (50). Islet structure and
morphology is very important for normal function (51). It has been noted that
dissociation of islets into single cells severely impacts GSIS (51). This implies that cell-to-
cell communication and the organized structure within the islet is essential for proper

islet function and insulin secretion (51).

The pancreatic islets are an extremely well vascularized tissue (44). They comprise only 1-
2% of the pancreatic mass, yet they receive 15-20% of blood flow to the pancreas (44).
There is a greater density of blood vessels within the islets compared to the pancreatic
exocrine tissue, with features that provide greater partial pressure of oxygen within islets

(44). Islet vasculature is formed during embryonic development by VEGF signaling (52).
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This process is involved in pancreatic differentiation and influences morphology (44).

Blood flow to endocrine cells occurs before islet formation (44).

1.3.2 REVASCULARIZATION

During the isolation process, the highly specialized islet vascular connections are severed
(44). Immediately after transplantation, the islet graft is avascular and it takes several days
to several weeks to re-establish blood flow through construction of new capillaries (45, 46),
and there is decreased oxygen tension for up to 9 months post-transplantation (47). As a
result, the graft is receiving much less than it’s normal oxygen requirements. Furthermore,
the graft is only supplied with portal venous blood, which contains only 85% oxygen
saturation, whereas arterial blood contains 96% oxygen saturation (53). This has
deleterious effects on the islets, and inadequate blood supply in the post-transplant period

is likely a major contributor to early islet death (44).

In new islet grafts, the endothelial cells make up the lining of new capillaries and blood
vessels are recruited from several sources (44). Up to 40% are intra-islet endothelial cells
from the donor (44). A smaller portion is derived from the recipient’s bone marrow (44).
As aresult the vasculature structure in the transplanted graft is chimeric, consisting of both
donor and recipient endothelial cells (44). VEGF and other angiogenic factors are highly

involved in this revascularization process (44).
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1.3.3 INFLAMMATORY RESPONSE

In the immediate post-transplant period, islets come into direct contact with the recipient’s
blood (54). The transplanted islets come into contact with platelets and complement
proteins, which triggers coagulation cascades and inflammatory events (54). Bennet et al
dubbed this process “IBMIR”, or “instant blood mediated inflammatory reaction” (54). They
first characterized this process in 2000 by observing islets come into contact with ABO-
compatible human blood in a closed loop system (54). They observed visible blood clotting
within 5 minutes and complement activation, indicated by C5b-9 complexes (54).
Additionally, IBMIR causes islet damage evidence by major insulin dumping within 5
minutes after being exposed to whole blood (54). Addition of heparin prevented islet
morphology damage, which suggests islets are damaged by platelet activation and
coagulation cascades (54). Naziruddin and colleagues measured activated complement
proteins and pro-inflammatory cytokines in patients receiving islet transplantations (55).
They found elevated C5b-9, IL-6 and IL-8 shortly following transplantation, providing
evidence for coagulation and inflammation responses in the patient (55). Cytokines have
been shown to be mediators of B-cell damage and pancreatic injury (56). Pro-inflammatory
cytokines have an adverse effect on B-cells and can be cytotoxic (57). Co-culture of islets
and IL-1B, with or without TNF-a and IFN-y, results in suppression and loss of B-cells (56).
Cytokines cultured with islets have a higher percentage of cells undergoing apoptosis, as
assessed by co-expression of insulin and TUNEL (57). Inhibition of cytokines or

macrophages improves islet function after transplant, indicating these cells are involved in
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transplanted pancreatic injury (53). Exposure of rodent or human islets to IL-, TNF-a and
IFN-y, for several days has been shown to cause B-cell dysfunction, indicated by a decrease
in insulin secretion - glucose oxidation, as well as diminished glucose responsiveness (56,
58-60). It is clear that IBMIR is a major contributor to the loss of islets following

transplantation.

1.4 NEONATAL PORCINE ISLETS

Neonatal porcine islets (NPIs) are a viable alternative to cadaveric donor islets (61, 62).
Since the number of diabetic candidates far exceed the supply of human donor tissue, it is
necessary to look for alternative sources of islets. Pigs are an ideal source of tissue because
they breed quickly and have sizable litters (62). Furthermore, porcine insulin was
traditionally used for insulin therapy for TIDM patients until synthetic insulins were
developed. It is structurally almost identical to human insulin, and differs only in one
amino acid (alanine and threonine, in pigs and humans respectively). NPIs in particular
have distinct advantages over adult porcine islets. Namely, housing costs are reduced (63)
and they are hardier in culture (64-66), unlike adult pig islets which are quite fragile (67).
Fetal porcine islets also have the advantage of reduced housing costs, but these islets have

poor glucose responsiveness (68) and take 2-3 months in vivo to reverse hyperglycemia

(69).

Embryonic stem cells (ESCs) may be another alternative to creating an unlimited supply of
donor islets. Rezania and colleagues had success in reversing diabetes in mice with their

stage 7 B-like cells, although these cells were not identical to B-cells and had a delayed
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response to glucose during perifusion (70). ESCs will require further study on the
appropriate transcription factors required in vitro to be able to create B-cells that are

identical to native (-cells.

NPIs are naturally resistant to hypoxia (64), pro-inflammatory cytokines (65),
streptozotocin (65), and hyperglycemia (66). Emamauelle and colleagues cultured human,
mouse and neonatal porcine islets in hypoxic conditions and measured viability and
function (64). They determined that NPIs are able to resist apoptosis under hypoxic
conditions, unlike human and mouse islets (64). NPIs had impaired glucose responsiveness
during hypoxic periods, but recovered fully during reoxygenation, indicating NPIs are very

resistant to hypoxia (64).

NPIs are also resistant to hyperglycemia (66). In fact, when NPIs are transplanted into
diabetic mice along with a curative mouse islet transplant on the opposing kidney, they
fare significantly worse than mice receiving NPI transplants only (66). So not only are NPIs
resistant to hyperglycemia, it actually helps them develop a sufficient p-cell mass more

quickly (66).

1.5 MESENCHYMAL STEM CELLS

Mesenchymal stem cells (MSCs) are multipotent, adult progenitor cells that have the
capacity to differentiate into osteocytes (bone), chondrocytes (cartilage), and adipocytes

(fat). Once thought to be only present in the bone marrow, they can be isolated from a
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variety of tissues such as Wharton’s Jelly, the pancreas, adipose tissue, umbilical cord blood,

and likely every adult tissue (71, 72).

According to Clinicaltrial.gov, MSCs are being studied to treat a multitude of diseases,
including ulcerative colitis, graft vs host disease (GvHD), muscular dystrophy, multiple
sclerosis and TIDM. Treatment for GvHD using mesenchymal stem cells has been
promising, as a number of clinical trials has showed the benefit (73). Particularly, in one
trial Ringden et al were able to completely resolve GvHD symptoms in 6/8 patients (74).
Carlsson and colleagues, in their clinical trial, were able to preserve C-peptide secretion in
newly diagnosed TIDM patients compared to controls (75). Another trial reported that
administration of allogenic umbilical- and autologous bone-marrow derived MSCs through
the pancreatic artery of TIDM patients had lower HbAIC and fasting blood glucose
compared to controls (76). Furthermore, they required less insulin after one year (76).

Importantly, these trials showed no adverse effects of MSC administration (74-76).

1.5.1 CHARACTERIZATION

The International Society for Cellular Therapy (ISCT) defines that MSCs must meet the
following criteria: adherence to plastic, ability to difference into osteocytes, chondrocytes,
and adipocytes, and expression of the appropriate markers (77). MSCs must express CD105,
CD73 and CD90 (= 95%), but not express hematopoietic markers CD45 and CD34 (< 2%)
(77). They exhibit a spindle-like morphology, similar to fibroblasts, and exist at a frequency

0f 0.01-0.001% in the bone marrow (78).
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MSC isolation from bone marrow depends on the property of adherence to plastic (79).
Mononucleated cells are isolated by centrifugation from bone marrow aspirates, plated,
and after the first or second passage the hematopoetic cells are washed away, as they are

non-adherent (79).

1.5.2 IMMUNOREGULATORY PROPERTIES

MSCs display immunosuppressive, immunomodulatory, and angiogenic effects. They

secrete a multitude of trophic factors that mediate these properties.

MSCs inhibit T cell and B cell proliferation when co-cultured for 3 days (80). Interestingly,
MSCs do not favor any T cell type, as they inhibit CD4+ and CD8+ cells with equal
suppression (80). Glennie and colleagues investigated the method of arresting T cell
proliferation and found that they inhibit T cell division, and this effect is reversible with
MSC removal (80). They can significantly impair proliferation of allogenic lymphocytes in
vitro, and can even delay, although not prevent entirely, rejection of skin grafts when
injected intravenously (56). Additionally, T cell suppression is dose dependent, confirming
that it is MSC specific effects that cause T cell suppression (81). MSCs also induce
production of T regulatory cells, as there is an increased population of FoxP3+ cells when

PBMCs are cultured together with MSCs (82).

MSC and B cell co-culture results in suppression of LPS-stimulated B cell differentiation
into plasma cells (83). Furthermore, Asari and colleagues found that cell-cell contact is not

necessary for this suppression of B cell differentiation, as MSCs and B cells separated by
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transwells was sufficient to suppress B cell proliferation (83), but MSC supernatant did not
exert any effect (84). This suggests there may be crosstalk between B cells and MSCs, and
B cell signals may cause MSCs to secrete trophic factors. Additionally, MSCs downregulate
production of immunoglobulins such as IgM (83), and upregulate production of IgM (85).

They also promote generation of IL-10 producing B regulatory cells (85).

MSCs have been shown to impair the activity and maturation of dendritic cells (86). In
particular, MSCs cultured with dendritic cells results in a higher proportion of dendritic
cells expressing CD83, indicating an immature phenotype (86). Similar to B cells, dendritic
cell suppression was not cell contact dependent, as separation in transwell chambers
produced similar effects (86). Furthermore, MSC cultured with already matured dendritic
cells resulted in reduced secretion of IL-12 and IFN- y, and upregulated secretion of IL-10,

indicating a shift toward a more regulatory phenotype (86).

Macrophages co-cultured with MSCs are induced to switch from expressing pro-
inflammatory MI to anti-inflammatory M2 markers (87). M1 macrophages are involved in
early phases of tissue damage and promote inflammation, whereas, M2 macrophages are

involved in later stages when tissue repair has begun.

1.5.3 SECRETED FACTORS

MSCs secrete hepatocyte growth factor (HGF), interleukin-10 (IL-10), transforming growth
factor-B (TGF-B), interleukin-6 (IL-6), matrix metalloproteinase 2 (MMP2), vascular

endothelial growth factor (VEGF), annexin Al, and likely others (88, 89).
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Annexin Al may be largely responsible for the improvement in glucose stimulated insulin
secretion (GSIS) when MSCs and islets are co-cultured, as GSIS improvement disappears
when an Annexin Al siRNA is used in co-cultures (89). Furthermore, GSIS improvement

can be replicated by addition of Annexin Al to islet cultures instead of MSCs (89).

MSCs induce dendritic cells to produce more IL-10, as well as secrete IL-10 themselves (86).
IL-10 contributes to T cell suppression, as IL-10 knockdown abolishes most of this effect in

MSC cultures (90).

HGF and TGF-B plays a role in suppression of T cell proliferation, as blocking HGF and

TGF-P activity restores proliferation (91).

1.5.4 FACTORS AFFECTING POTENCY

MSC proliferation, trophic factor secretion, and viability can vary greatly across
preparations, and may be determined by donor characteristics. Age of the donor can
influence MSC properties, in particular. Choudhery and colleagues compared MSCs
isolated from young (2-3 months) and aged (23-24 months) mice and found that MSCs
from aged mice had significantly decreased proliferation, VEGF secretion, higher apoptosis,
and impaired wound healing ability (92). A comparison of human MSCs from young (1-5
years) vs. old (50-70 years) patients showed a decrease in colony forming unit (CFU) ability
and impaired MMP-9 and MMP-2 expression and activity (93). There may also be sex
differences between MSC characteristics. Male donors have been shown to have better

chondrogenic differentiation (94, 95). Interestingly, chondrogenic differentiation declines



19

with age in males but not females (96). LPS activated female MSCs produce less pro-
inflammatory cytokines and more VEGF compared with male donors, which may explain

female’s protective advantage during cardiac injury compared to males (95).

There is emerging evidence that besides age and sex, disease status can affect the potency
of MSCs. Autoimmune diseases in particular have been associated with altered morphology
(56), decreased proliferative capacity (97-99), altered gene expression (100), reduced
expression of trophic factors (98, 99), and reduced inhibitory effects on T cells (97, 100)
Additionally, Cramer et al found that MSCs from diabetic donors have a decreased
proliferative capacity compared with non-diabetic donors (101). Therefore MSCs from
persons with diabetes may have impaired function due to the person’s autoimmune status

and diabetic state.

1.5.5 CO-CULTURE WITH ISLETS

[slet culture with MSCs is associated with prevention of -cell death and improvement of
islet function (88). Co-cultured islets exhibit a higher ADP/ATP ratio, which indicates
higher metabolic activity and correlated with higher insulin secretion, better GSIS and
reduced islet death (88). Furthermore, these effects were also seen with MSC conditioned
media, indicating trophic factors in the media are responsible for these effects (88).
Rackman et al in fact found that Annexin-Al knockdown abolishes the improvement in

GSIS, indicating Annexin Al is responsible for this effect (89).
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When islets are cultured with pro-inflammatory cytokines, it results in B-cell death and
impairment of GSIS (57). Addition of MSCs to these cultures rescues the islets; B-cell death
is prevented and GSIS is restored (57). HGF is likely at least partially responsible for the
protection against pro-inflammatory cytokines as addition of HGF to the cultures without
MSCs was able to rescue GSIS to normal, non-cytokine treated levels (57). These effects
were not observed with fibroblasts, a cell type with similar morphological characteristics

and also adhere to plastic (57). This suggests the cytoprotective effects are specific to MSCs.

The question of whether cell-to-cell contact between islets and MSCs is necessary in order
to have beneficiary effects on islets is currently unclear. Studies thus far have presented
conflicting evidence. As described above, even with physical separation of MSCs by
transwells, we still observe an inhibition of B cell proliferation (83) and dendritic cell
suppression (86). Culture of islets in MSC conditioned media is able to improve GSIS and
improve islet survival (88), suggesting trophic factors are responsible for these effects. Sato
et al. used transwells to show that separation reduces, but not erases, T cell suppression
(103). This suggest there may be more than one mechanism at play influencing T cell

activity by MSCs.

1.5.6 CO-TRANSPLANTATION WITH ISLETS

With MSCs immunosuppressive and immunomodulatory properties, using them to
combat the clinical problems with islets transplantation seems intuitive. There has been a

number of experiments using animal models looking at whether co-transplantation of
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islets and MSCs have any beneficial effects on the efficacy of transplant and achievement

of normoglycemia in vivo.

Bartholomew et al observed a prolongation of skin graft survival with IV administration
of baboon MSCs, which was comparable to the survival time of recipients taking
immunosuppressive drugs (56). Measurement of lymphocyte activity in the recipient
baboons showed significantly reduced proliferative activity in vivo (56). This is a
significant implication that islet transplantation recipients could potentially take a
reduced amount of immunosuppressive drugs, which would greatly enhance quality of

life.

MSC co-transplantation may result in improved graft function. Several studies have found
that MSC co-transplantation improves glucose tolerance in rodent models when receiving
rodent islets and MSCs (88, 89, 104). Additionally, Park et al found higher total insulin
content of the transplanted grafts (88). Borg and colleagues showed in their syngeneic
mouse model that co-transplantation improves beta cell survival by significantly less
caspase 3 at 14 days (105). Increased insulin content and beta cell survival may be a

contributor to the improvement in glucose tolerance.

Co-transplantation studies have been shown to reduce the number of islets necessary to
achieve normoglycemia (103-106). Figliuzzi et al, using rat islets and MSCs transplanted
in rat recipients, 100% were able to reach normoglycemia with just 2000 islets when

MSCs were present, while the islets alone group all remained hyperglycemic (106). 3000

islets were necessary to reverse hyperglycemia without MSCs (106). Ito et al found similar
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results transplanting rat islets and MSCs into NOD-SCID mice. Transplantation of 500
islets resulted in 8/10 and 3/10 diabetes reversal with and without MSCs, respectively
(104). Diabetes reversal with a smaller islet mass is very clinically relevant, as two donor

pancreases are necessary for transplantation.

Co-transplantation has been shown to help islets retain normal structure during
transplantation. Rackman et al demonstrated that co-transplantation of MSCs and islets
in rodent models helped islets retain a normal islet structure (103).
Immunohistochemistry for insulin showed that islets transplanted alone were less
organized and more amorphous in structure (103). In fact, the total average aggregate size
in the grafts were significantly higher in the islets alone group, indicating they merged
together to form a large islet mass, whereas regular islet morphology was maintained
when MSCs were co-transplanted (103). This is highly relevant since revascularization of
smaller aggregates is more efficient (103). Furthermore, maintenance of islet morphology
is important for normal function and insulin secretion, since it is highly dependent on
interactions between B-, a-, and 8-cells (51). The maintenance of islet morphology likely

contributes to improved outcomes of these groups (103).

Several studies have found that co-transplantation improves revascularization of

transplanted grafts. MSCs secrete VEGF, which is known to promote vascularization and
angiogenesis (88). Mice deficient in both VEGF alleles do not survive embryogenesis due
to irregular blood vessels with few endothelial cells (107), and conversely overexpression

of VEGF during development results in embryonic death due to excessive vascularization



23

(108). Co-transplantation has been shown to significantly increase the number of
capillaries formed within islet grafts compared to islets alone (88,104, 106, 109), although

one study found no differences in CD3I (105).

Rackman and colleagues showed that improvement of islet function may be due to
trophic factor secretion (89). While addition of MSCs to islet cultures improves GSIS; this
effect can be replicated with the addition of Annexin-Al only (89), indicating
improvement in glucose tolerance may be largely due to Annexin-Al (89). Furthermore,

siRNA Annexin-Al knockdown abolishes GSIS improvement (89).

1.6 HYPOTHESIS, OBJECTIVES AND OUTLINE OF THESIS

My hypothesis is that co-transplantation of mesenchymal stem cells with neonatal porcine
islet grafts will improve the therapeutic efficacy of islet transplantation. While co-
transplantation models of islets and MSCs have been investigated, and found to be
beneficial, in previous studies, thus far these studies have been conducted in rodent models
using rodent islets and MSCs. So far, no study has looked at the effect of transplanting NPIs

with human MSCs, which is clinically relevant.

In this study, we wanted to assess the effect of transplanting NPIs and human MSCs in a
streptozotocin induced diabetic B6.129S7-Raglt™Mem/T mouse model. Our objectives were
and to examine the metabolic differences in mice transplanted with and without MSCs,

and explore the reasons for the differences.
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NPIs were cultured with or without MSCs for 48 hours and transplanted into
streptozotocin induced diabetic B6.129S7-Raglt™Mem/] mice. Blood glucose and weight
were monitored weekly until all mice reached normoglycemia, then mice were given an
oral glucose tolerance test. Islet grafts were assessed for insulin, vascularization, and total
cellular insulin content. To examine graft differences earlier in the post-transplant period,

grafts were taken at 2, 3, and 4 weeks to assess histological differences in insulin and CD31.

1.7 REFERENCES

1. World Health Organization (2006). Definition and diagnosis of diabetes mellitus

and intermediate hyperglycemia [cited February 2017]: Available from URL:

http://apps.who.int/iris/bitstream/10665/43588/1/9241594934 eng.pdf

2. Temneaunu OR, Trandafir LM, Purcarea MR (2016) Type 2 diabetes mellitus in
children and adolescents: a relatively new clinical problem within pediatric practice.
] Med Life 9(3):235-239

3. Kahn SE, Hull RL, Utzschneider KM (2006) Mechanisms linking obesity to insulin
resistance and type 2 diabetes. Nature 444:doi:10.1038

4. Herder C, Roden M (2011) Genetics of type 2 diabetes: pathophysiologic and clinical
relevance. Eur J Clin Invest 41(6):679-692

5. Vanstone M, Kandsasamy S, Giacomini M, DeJean D, McDonald SD (2016) Pregnant
women’s perceptions of gestational weight gain: a systematic review and meta-

synthesis of qualitative research. Matern Child Nov 21 Nutr doi:10.111


http://apps.who.int/iris/bitstream/10665/43588/1/9241594934_eng.pdf

10.

11.

12.

3.

14.

25

Spaight C, Gross ], Horsch A, Puder JJ (2016) Gestational diabetes mellitus. Endocr
Dev 31:163-178

Antosik K, Borowiec M (2017) Genetic factors of diabetes. Arch Immunol Ther Exp
Jan 12:d0il0.1007

American Diabetes Association (2010). Diagnosis and classification of diabetes

mellitus. Diabetes Care 33(1):D01:10.2337/dc10-S062X

Narres M, Claessen H, Droste S et al (2016). The incidence of end-stage renal
disease in the diabetic (compared to the non-diabetic) population: a systematic
review. Plos One DOI:10.1371/journal.pone.0147329

Schell S, Cappuccio F, Genovese S, Standl E, Valensi P, Ceriello A (2013). Type I
diabetes and cardiovascular disease. Cardiovascular Diabetology 12:156

Pociot F, Lernmark A (2016). Genetic risk factors for type 1 diabetes. The Lancet
387(10035):2331-2339

Rewers M, Ludvigsson ] (2016). Environmental risk factors for type 1 diabetes. The
Lancet 387(10035):2340-2348

World Health Organization (2016). Global report on diabetes [cited February
2017]: Available from URL:

http://apps.who.int/iris/bitstream/10665/204871/1/9789241565257 eng.pdf

Soderstrém U, Aman J, Hjern A (2012). Being born in Sweden increases the risk for
type 1 diabetes—a study of migration of children to Sweden as a natural

experiment. Acta Paediatr 101:73-77


http://apps.who.int/iris/bitstream/10665/204871/1/9789241565257_eng.pdf

15.

16.

17.

18.

19.

20.

21.

26

Ziegler AG, Schmid S, Huber D, Hummel M, Bonifacio E (2003). Early infant
feeding and risk of developing type 1 diabetes-associated autoantibodies. JAMA
290:1721-28

Norris JM, Barriga K, Klingensmith G, et al (2003). Timing of initial cereal
exposure in infancy and risk of islet autoimmunity. JAMA 290:1713-20

Virtanen SM, Takkinen HM, Nevalainen J, et al (2011). Early introduction of root
vegetables in infancy associated with advanced B-cell autoimmunity in young
children with human leukocyte antigen-conferred susceptibility to Type 1 diabetes.
Diabet Med 28:965-71

Wahlberg J, Vaarala O, Ludvigsson J, for the ABIS-study group (2006). Dietary risk
factors for the emergence of type 1 diabetes-related autoantibodies in 21/2 year-old
Swedish children. Br ] Nutr 95:603-08

Stene L, Rewers M (2012). Immunology in the clinic review series; focus on type 1
diabetes and viruses: the enterovirus link to type 1 diabetes: critical review of
human studies. Clin Exp Immunol 168(1):12-23

Canadian Diabetes Association (2009). An economic tsunami, the cost of diabetes
in Canada [cited February 2017]: Available from: URL:

https://www.diabetes.ca/CDA/media/documents/publications-and-

newsletters/advocacy-reports/economic-tsunami-cost-of-diabetes-in-canada-

english.pdf

Canadian Diabetes Association [Online]. The Burden of out-of-pocket costs for

canadians with diabetes; 2011 [cited September 2011]; Available from: URL:


https://www.diabetes.ca/CDA/media/documents/publications-and-newsletters/advocacy-reports/economic-tsunami-cost-of-diabetes-in-canada-english.pdf
https://www.diabetes.ca/CDA/media/documents/publications-and-newsletters/advocacy-reports/economic-tsunami-cost-of-diabetes-in-canada-english.pdf
https://www.diabetes.ca/CDA/media/documents/publications-and-newsletters/advocacy-reports/economic-tsunami-cost-of-diabetes-in-canada-english.pdf

22.

23.

24.

25.

26.

27.

28.

29.

27

http://www.diabetes.ca/documents/get-involved /17973-Out-of-Pocket%20Costs-

Report final sm Sepl2.pdf

Karamanou M, Protogerou A, Tsoucalas G, Androutsos G, Poulakou-Rebelakou E
(2016) Milestones in the history of diabetes mellitus: the main contributors. World

] Diabetes 7(1):1-7

Nathan D, for the DCCT/EDIC Research Group (2014). The diabetes control and
complications trial/epidemiology of diabetes interventions and complications

study at 30 years: overview. Diabetes Care 37(1):9-16

McCall AL (2012). Insulin therapy and hypoglycemia. Endocrinol Metab Clin N Am

41:57-87

McAdams BH, Rizvi AA (2016) An overview of insulin pumps and glucose sensors
for the generalist. ] Clin Med 5(1):5

Zabeen B, Craig ME, Virk SA et al. (2016) Insulin pump therapy is associated with
lower rates of retinopathy and peripheral nerve abnormality. PLoS One
11(4):e0153033

Russell SJ, El-Khatib FH, Sinha M et al (2014) Outpatient glycemic control with a
bionic pancreas in type I diabetes. N Engl ] Med 371(4):313-325

Fiorina P, Gremizzi C, Maffi P, et al (2005). Islet transplantation is associated with
an improvement of cardiovascular function in type 1 diabetic kidney transplant
patients. Diabetes Care 28:1358-1365

Fiorina P, Venturini M, Folli F, et al (2005). Natural history of kidney graft


http://www.diabetes.ca/documents/get-involved/17973-Out-of-Pocket%20Costs-Report_final_sm_Sep12.pdf
http://www.diabetes.ca/documents/get-involved/17973-Out-of-Pocket%20Costs-Report_final_sm_Sep12.pdf

30.

31.

32.

33.

34.

35.

36.

28

survival, hypertrophy, and vascular function in end-stage renal disease type 1

diabetic kidney-transplanted patients: beneficial impact of pancreas and successful

islet cotransplantation. Diabetes Care 28:1303-1310[X

Fiorina P, Folli F, Bertuzzi F, et al (2003). Long-term beneficial effect of'islet
transplantation on diabetic macro-/microangiopathy in type 1 diabetic kidney-
transplanted patients. Diabetes Care 26:1129-1136

Stites E, Kennealey P, Wiseman A (2016). Current status of pancreas
transplantation. Curr Opin Nephrol Hypertens 25(6):563-569

Kandaswamy R, Sutherland DE (2006). Pancreas versus islet transplantation in
diabetes mellitus: how to allocate deceased donor pancreata? Transplant Proc
38(2):365-367

Thwaites S, Lam V, Yao J, et al (2013). Surgical morbidity of simultaneous kidney
and pancreas transplantation: a single-centre experience in the tacrolimus era.

ISRN Transplantation Article ID 685850:d0i:10.5402/2013/685850

Langer RM (2010). Islet transplantation: lessons learned since the Edmonton

breakthrough. Transplant Proc 42(5):1421-1424

Casey ], Lakey J, Ryan E, et al (2002). Portal venous pressure changes after
sequential clinical islet transplantation. Transplantation 74(7):913-915
Kemp C, Knight M, Scharp D et al (1973). Transplantation of isolated pancreatic

islets into the portal vein of diabetic rats. Nature 244(5416):447



37.

38.

39.

40.

41.

42.

43.

44.

29

Shapiro AM, Lakey JR, Ryan EA et al (2000). Islet transplantation in seven patients
with type 1 diabetes mellitus using a glucocorticoid-free immunosuppressive

regimen. N Engl ] Med 343(4):230-238

Street CN, Lakey JR, Shapiro AM et al (2004). Islet graft assessment in the
Edmonton protocol: implications for predicting long-term clinical outcome.

Diabetes 53(12):3107-3114

Ryan EA, Paty BW, Senior PA et al (2005). Five-year follow-up after clinical islet

transplantation. Diabetes 54(7):2060-2069

Ryan E, Paty B, Senior P, Lakey J, Bigam D, Shapiro J (2005). Beta-score: an
assessment of beta-cell function after islet transplantation. Diabetes Care
28(2):343-347

Moberg L, Johnansson H, Lukinius A, et al (2002). Production of tissue factor by
pancreatic islet cells as a trigger of detrimental thrombotic reactions in clinical
islet transplantation. Lancet 360(9350):2039-2045

Biarnés M, Montolio M, Nacher V, Raurell M, Soler J, Montanya E (2002). Beta-cell
death and mass in syngeneically transplanted islets exposed to short- and long-
term hyperglycemia. Diabetes 51(1):66-72

Moritz W, Meier F, Stroka D, et al (2002). Apoptosis in hypoxic human pancreatic

islets correlates with HIF-1 o expression. FASEB ] 2002; 16(7):745-747

Brissova M, Powers AC (2008). Revascularization of transplanted islets: can it be

improved? Diabetes 57(9):2269-2271



45.

46.

47.

48.

49.

50.

51

52.

30

Sandberg J, Mergulis B, Jansson L, Karlsten R, Korsgen O (1995). Transplantation
of fetal porcine pancreas to diabetic or normoglycemic nude mice. Transplantation
59(12):1665-1669

Menger M, Jaeger S, Walter P, Feifel G, Hammersen F, Messmer K (1989).
Angiogenesis and hemodynamics of microvasculature of transplanted islets of
Langerhans. Diabetes 38(Suppl 1):199-201

Mattsson G, Jansson L, Carlsson P-O (2002). Decreased vascular density in mouse

pancreatic islets after transplantation. Diabetes 2002; 51(5):1362-1366

Rother KI, Harlan DM (2004). Challenges facing islet transplantation

for the treatment of type 1 diabetes mellitus. ] Clin Invest 114(7):877-883

London NJ, Robertson GS, Chadwick DR, Johnson PR, James RF, Bell PR (1994).

Human pancreatic islet isolation and transplantation. Clin Transplant 8:421- 459

Linn T, Schmitz J, Hauck-Schmalenberger I et al (2006). Ischaemia is linked to
inflammation and induction of angiogenesis in pancreatic islets. Clin Exp Immunol

144(2):179-187

Kelly C, McClenaghan NH, Flatt PR (2011). Role of islet structure and cellular

interactions in the control of insulin secretion. Islets 3(2):41-47

Reinert R, Cai Q, Hong J-Y et al (2014). Vascular endothelial growth factor

coordinates islet innervation via vascular scaffolding. Development 141(7):1480-

1491



53.

54.

55.

56.

57.

58.

31

Barshes NR, Wyllie S, Goss JA (2005). Inflammation-mediated dysfunction and
apoptosis in pancreatic islet transplantation: implications for intrahepatic grafts. ]

Leukoc Biol 77(5):587-597

Bennet W, Groth CG, Larsson R, Nilsson B, Korsgren O (2000). Isolated human
islets trigger an instant blood mediated inflammatory reaction: implications for
intraportal islet transplantation as a treatment for patients with type 1 diabetes.
Ups ] Med Sci 105(2):125-133

Naziruddin B, Iwahashi S, Kanak MA, Takita M, Itoh T, Levy MF (2014). Evidence
for instant blood-mediated inflammatory reaction in clinical autologous islet

transplantation. Am ] Transplant 14(2):428-437

Bartholomew A, Sturgeon C, Siatskas M et al (2002). Mesenchymal stem cells

suppress lymphocyte proliferation in vitro and prolong skin graft survival in vivo.

Exp Hematol 30(1):42-48

Yeung TY, Seeberger KL, Kin T et al (2012). Human mesenchymal stem cells

protect human islets from pro-inflammatory cytokines PLoS ONE 7(5):e38189

Eizirik DL, Welsh N, Cetkovic-Cvrlje M et al (1994). Cytokines suppress human
islet function irrespective of their effects on nitric oxide generation. J Clin Invest

93(5):1968-1974



59.

60.

6l.

62.

63.

64.

65.

32

Southern C, Schulster D, Green IC (1990). Inhibition of insulin secretion by
interleukin-1 beta and tumour necrosis factor-alpha via an L-arginine-dependent

nitric oxide generating mechanism. FEBS Lett 276(1-2):42-44

Corbett JA, Sweetland MA, Wang JL, Lancaster JRJ, McDaniel ML (1993). Nitric
oxide mediates cytokine-induced inhibition of insulin secretion by human islets of

langerhans. Proc Natl Acad Sci U S A 90(5):1731-1735

Ellis C, Lyon JG, Korbutt GS (2016). Optimization and scale-up isolation and
culture of neonatal porcine islets: potential for clinical application. Cell
Transplantation 25:539-547

Korbutt GS Elliot JF, Ao Z, Smith DK, Warnock GL, Rajotte RV (1996). Large scale
isolation, growth, and function of porcine neonatal islets. ] Clin Invest 97(9):2119-
2129

Cooper DKC, Ayares D (2011). The immense potential of xenotransplantation in
surgery. Int ] Surg 9(2):122-129

Emamaulle JA, Shapiro AM, Rajotte RV, Korbutt G, Elliott JF (2006). Neonatal
porcine islets exhibit natural resistance to hypoxia-induced apoptosis.
Transplantation 82(7):945-952

Harb G, Toreson J, Dufour J, Korbutt G (2007). Acute exposure to streptozotocin
but not human proinflammatory cytokines impairs neonatal porcine islet insulin

secretion in vitro but not in vivo. Xenotransplantation 14(6):580-590


http://www.ncbi.nlm.nih.gov/pubmed/?term=Harb%20G%5BAuthor%5D&cauthor=true&cauthor_uid=17991146
http://www.ncbi.nlm.nih.gov/pubmed/?term=Toreson%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17991146
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dufour%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17991146
http://www.ncbi.nlm.nih.gov/pubmed/?term=Korbutt%20G%5BAuthor%5D&cauthor=true&cauthor_uid=17991146

66.

67.

68.

69.

70.

71.

72.

73.

33

Kin T, Korbutt GS (2007). Delayed functional maturation of neonatal porcine
islets in recipients under strict glycemic control. Xenotransplanation 14(4):333-338
Ricordi C, Socci C, Davalli AM (1989). Isolation of the elusive pig islet. Surgery

107:688-694

Otonkoski T, Ustinov ], Rasilainen S, Kallio E, Korsgren O, Hayry P (1999).
Differentiation and maturation of porcine fetal islet cells in vitro and after

transplantation. Transplantation 68(11):1674

Hardikar AA, Wang XY, Williams L] et al (2002). Functional maturation of fetal
porcine beta-cells by glucagon-like peptide 1 and cholecystokinin. Endocrinology

(2002) 143(9):3505

Rezania A, Bruin JE, Arora P et al (2014) Reversal of diabetes with insulin-

producing cells derived in vitro from human pluripotent cells. Nat Biotechnol

32(11):1121-1133

Seeberger KL, Eshpeter A, Korbutt GS (2011). Isolation and culture of human
multipotent stromal cells from the pancreas. Methods Mol Biol 2011;698:123-140
da Silva Meirelles L, Chagastelles PC, Nardi NB (2006). Mesenchymal stem cells
reside in virtually all post-natal organs and tissues. ] Cell Sci 119:2204-2213

Amorin B, Alegretti AP, Valim V et al (2014) Mesenchymal stem cells therapy and

acute graft-versus-host disease: a review. Hum Cell 27(4):137-150



74.

75.

76.

77.

78.

79.

80.

34

Ringden O, Le Blanc K (2011). Mesenchymal stem cells for treatment of acute and
chronic graft-versus-host disease, tissue toxicity and hemorrhages. Best Pract Res

Clin Haematol 24(1):65-72

Carlsson P-O, Schwarcz E, Korsgren O, Le Blanc K (2015) Preserved -Cell

function in type I diabetes by mesenchymal stromal cells. Diabetes 64(2):587-592

Cai J, Wu Z, Xu X et al (2016). Umbilicial cord mesenchymal stromal cell with
autologous bone marrow cell transplantation in established type 1 diabetes: A pilot
randomized controlled open-label clinical study to assess safety and impact on
insulin secretion. Diabetes Care 39(1):149-157

Dominici M, Le Blanc K, Mueller I, et al (2006). Minimal criteria for defining
multipotent mesenchymal stromal cells. The international society for cellular
therapy position statement. Cytotherapy 8(4):315-317

Pittenger MF, Mackay AM, Beck SC et al (1999). Multilineage potential of adult
human mesenchymal stem cells. Science 284(5411):143-147

Penfornis P, Pochampally R (2011). Isolation and expansion of mesenchymal stem
cells/multipotential stromal cells from human bone marrow. Methods Mol Biol
698:11-21

Glennie S, Soeiro I, Dyson PJ, Lam EWF, Dazzi F (2005). Bone marrow
mesenchymal stem cells induce division arrest anergy of activated T cells. Blood

105:2821-2827



8l

82.

83.

84.

85.

86.

87.

35

Meisel R, Zibert A, Laryea M, G6bel U, Daubener W, Dilloo D (2004). Human
bone marrow stromal cells inhibit allogeneic T-cell responses by indoleamine 2,3-
dioxygenase-mediated tryptophan degradation. Blood 103(12):4619-4621
Maccario R, Podesta M, Moretta A, et al (2005). Interaction of human
mesenchymal stem cells with cells involved in alloantigen-specific immune
response favors the differentiation of CD4+ T-cell subsets expressing a
regulatory/suppressive phenotype. Haematologica 90:516-525

Asari S, Itakura S, Ferreri K, Liu CP, Kuroda Y, Kandeel F, Mullen Y (2009).
Mesenchymal stem cells suppress B-cell terminal differentiation. Exp Hematol
37(5):604-615

Corcione A, Benvenuto F, Ferretti E et al (2006). Human mesenchymal stem cells
modulate B-cell functions. Blood 107(1):367-372

QinY, Zhou Z, Zhang F et al (2015). Induction of regulatory B-cells by
mesenchymal stem cells is affected by SDF-1 «-CXCR7.Cell Physiol Biochem 37:117-
130

Jiang XX, Zhang Y, Liu B, et al (2005). Human mesenchymal stem cells inhibit
differentiation and function of monocyte-derived dendritic cells. Blood. 105:4120-
4126

Cho D-I, Kim MR, Jeong H-Y et al (2014). Mesenchymal stem cells reciprocally
regulate the M1/M2 balance in mouse bone marrow-derived macrophages. Exp

Mol Med 46(1):e70



38.

89.

90.

91.

92.

93.

36

Park KS, Kim YS, Kim JH et al (2010). Trophic molecules derived from human
mesenchymal stem cells enhance survival, function, and angiogenesis of isolated

islets after transplantation. Transplantation 89(5):509-517

Rackman CL, Vargas AE, Hawkes RG et al (2016). Annexin Al is a key modulator of
mesenchymal stromal cell-mediated improvements in islet function. Diabetes
65(1):129-139

Beyth S, Borovsky Z, Mevorach D, et al (2005). Human mesenchymal stem cells
alter antigen-presenting cell maturation and induce T-cell unresponsive- ness.

Blood 105:2214-2219

Di Nicola M, Carlo-Stella C, Magni M et al (2002). Human bone marrow stromal
cells Suppress T-lymphocyte proliferation induced by cellular or nonspecific

mitogenic stimuli. Blood 99(10):3838-3843

Choudhery MS, Khan M, Mahmood R, Khan SN, Riazuddin S (2012). Bone marrow
derived mesenchymal stem cells from aged mice have reduced wound healing,
angiogenesis, proliferation and anti-apoptosis capabilities. Cell Biol Int 36(8):747-
753

Fan M, Chen W, Du G et al (2010). The effect of age on the efficacy of human
mesenchymal stem cell transplantation after a myocardial infarction. Rejuvenation

Res 13(4):429-438



94.

95.

96.

97.

98.

99.

100.

37

Matsumoto T, Kubo S, Meszaros LB et al (2008). The influence of sex on the
chondrogenic potential of muscle-derived stem cells: implications for cartilage
regeneration and repair. Arthritis Rheum 58:3809

Crisostomo PR, Wang M, Herring CM et al (2007). Gender differences in injury
induced mesenchymal stem cell apoptosis and VEGF, TNF, IL-6 expression: Role of
the 55 kDa TNF receptor (TNFR1). ] Mol Cell Cardiol 42(1):142-149

Payne KA, Didiano DM, Chu CR (2010). Donor sex and age influence the
chondrogenic potential of human femoral bone marrow stem cells. Osteoarthritis
Cartilage 18:705

Pérez-Simon, JA, Tabera, S, Sarasquete ME (2009). Mesenchymal stem cells are
functionally abnormal in patients with immune thrombocytopenic purpura.
Cytotherapy 11(6):698-705

Chao Y, Peng C, Harn H, Chan C, Wu K (2010). Poor potential of proliferation and
differentiation in bone marrow mesenchymal stem cells derived from children
with severe aplastic anemia. Ann Hematol 89:715-723

Kastrinaki MC, Sidiropoulos P, Roche S et al (2008). Functional, molecular and
proteomic characterization of bone marrow mesenchymal stem cells in
rheumatoid arthritis. Ann Rheum Dis 67(6):741-749

de Oliveira GLV, de Lima KWA, Colombini AM et al (2015). Bone marrow
mesenchymal stromal cells isolated from multiple sclerosis patients have distinct
gene expression profile and decreased suppressive function compared with healthy

counterparts. Cell Transplant 24(2):151-165



101.

102.

103.

104.

105.

106.

107.

38

Cramer C, Freisinger E, Jones R et al (2010). Persistent high glucose concentrations
alter the regenerative potential of mesenchymal stem cells. Stem Cells Dev
19(12):1875-1884

Sato K, Ozaki K, Oh L et al (2007) Nitric oxide plays a critical role in suppression of

T-cell proliferation by mesenchymal stem cells. Blood 109:228-234

Rackman CL, Chagastelles PC, Nardi NB, Hauge-Evans AC, Jones PM, King AJF
(2011). Co-Transplantation of mesenchymal stem cells maintains islet organisation

and morphology in mice. Diabetologia 54(5):1127

Ito T, Itakura S, Todorov I et al (2010). Mesenchymal stem cell and islet co-
transplantation promotes graft revascularization and function. Transplantation

89(12):1438-1445

Borg DJ, Weigelt M, Wilhelm C et al (2014). Mesenchymal stromal cells improve
transplanted islet survival and islet function in a syngeneic mouse model.

Diabetologia 57(3):522-531

Figliuzzi M, Cornolti R, Perico N et al (2009) Bone marrow-derived mesenchymal
stem cells improve islet graft function in diabetic rats. Transplant Proc 41(5):1797-

1800

Ferrara N, Carver-Moore K, Chen H, Dowd M, Lu L, O’Shea KS, Powell-Braxton L,
Hillan KJ, Moore M (1996). Heterozygous embryonic lethality induced by targeted

inactivation of the VEGF gene. Nature 380:439-442



39

108. Drake CJ, Little CD (1995). Exogenous vascular endothelial growth factor induces
malformed and hyperfused vessels during embryonic neovascularization. Proc Natl

Acad Sci USA 92:7657-7661

109. Berman DM, Willman MA, Han D et al (2010). Mesenchymal stem cells enhance

allogeneic islet engraftment in nonhuman primates. Diabetes 559(10):2558-2568



40

CHAPTER 2: COTRANSPLANTATION OF MESENCHYMAL STEM CELLS WITH
NEONATAL PORCINE ISLETS IMPROVE GRAFT FUNCTION IN DIABETIC MICE!

2.1 INTRODUCTION

Despite the initial optimism following the successes of the Edmonton Protocol in 2000 (1),
there still exist many hurdles preventing islet transplantation from replacing insulin as the
gold standard treatment for patients with diabetes. However, despite early insulin
independence, long-term graft attrition gradually revert recipients to exogenous insulin
dependency (2). Loss of islet graft function is partly due to a significant loss of $-cell mass
in the first hours to days after infusion, mediated by a non-specific inflammatory response
characterized by pro-inflammatory cytokines (3). Cytokines are damaging to islet structure
and function; co-culture of islets and cytokines results in B-cell death and impairment of
glucose stimulated insulin secretion (GSIS) (4). A second contributing factor to islet death
is the hypoxic conditions immediately post-transplant. Pancreatic islets have a dense native
capillary network, and B-cells receive 10-15 times more blood flow than the surrounding
exocrine tissue (5), approximately 15-20% of the pancreatic blood supply despite
comprising only 1-2% of the pancreas volume (6). During isolation and culture this
vasculature is destroyed, leaving the islets avascular prior to transplantation (5). Moreover,

it takes several days to re-establish islet vascularization thereby exposing islets to hypoxia

(5).

L A version of this chapter has been published in the journal Diabetes
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The challenges of hypoxic and inflammatory-mediated islet destruction could be
ameliorated by co-transplantation with mesenchymal stem cells (MSCs). MSCs are
multipotent, progenitor cells that can be isolated from a variety of tissues, including bone
marrow, adipose tissue, Wharton’s jelly, umbilical cord blood, pancreas, and likely every
adult tissue (7, 8). MSCs have been reported to have anti-inflammatory, pro-angiogenic
and immunoregulatory effects (9, 10) through the secretion of trophic factors such as
hepatocyte growth factor, transforming growth factor-f, interleukin-6, vascular
endothelial growth factor (VEGF) (1) and annexin Al (12). They may be capable of
controlling inflammation within and surrounding the islet graft in the post transplantation
period, as well as stimulating rapid graft vascularization. MSCs have already been
demonstrated to modulate the diabetic milieu in humans. Carlsson et al. (13) reported
preserved C-peptide secretion in patients with newly diagnosed TIDM given intravenous
autologous bone marrow-derived MSCs. A second trial reported that patients with TIDM
given a combination of allogenic umbilical- and autologous bone marrow-derived MSCs
through the pancreatic artery had lower HbAic and fasting glycemia compared to patients
that did not receive MSCs, and required less exogenous insulin one year after MSC delivery

(14). Importantly, no severe adverse events were reports in either trial (13, 14).

An additional challenge to islet transplantation becoming a widespread therapy is that
cadaveric donor islets are in limited supply and human islet quality can range greatly
between donors. As previously reported, neonatal porcine islets (NPIs) may be a safe and
effective alternative to human donor islets (15, 16). These islets are in virtually unlimited

supply, easy to isolate, can proliferate after transplantation, and are resistant to hypoxia
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(17), pro-inflammatory cytokines (18), and hyperglycemia (19). While the effect of both
rodent MSCs and islets have been examined in mouse transplant models (20-25), further
studies are needed to examine the effects of clinically relevant human MSCs and (-cell

sources such as NPIs on islet engraftment and functional outcome.

It is known that the MSC human donor characteristics can have an effect on the therapeutic
potential of MSCs (26). For example, MSCs from older donors have altered morphology
and reduced proliferative ability, secretion of trophic factors, angiogenic potential,
viability, and wound healing ability compared to younger human donors (27-30). There are
also sex related differences in trophic factor secretion (31). There is little data on the effects
of disease status of donors on the characteristics of MSCs, but some studies indicate donors
with autoimmune diseases have abnormal MSCs (26). Donors with certain autoimmune
diseases have been shown to have MSCs with altered morphology (32), decreased
proliferative capacity (32-34), altered gene expression (35), decreased expression of trophic
factors (35, 36), and reduced inhibitory effect on T cells (32, 35). With the promise of novel
therapies for autoimmune diseases such as TIDM using MSCs, it is critical to learn more

about the effect of using autologous MSCs in the treatment of autoimmune diseases.

In this clinically relevant study we investigate the function of transplanted NPIs in the
presence of human MSCs. We report that the co-transplantation of MSCs results in faster
normalization, improved glucose tolerance, and improved early angiogenesis in our
diabetic mouse model. We also report that MSCs from a donor with an autoimmune disease

produced dramatically different outcomes when co-transplanted with NPIs.
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2.2 MATERIALS AND METHODS

2.2.1 NPl ISOLATION AND PREPARATION OF HUMAN MSCS

Porcine pancreases were obtained from 1 to 3 day Duroc neonatal piglets from the
University of Alberta Swine Research Centre (1.5-2.0 kg body weight), and NPIs were
isolated and cultured for 5-7 days as described previously (16). A total of 6 independent NPI

isolations were used for the transplant studies.

To prepare bone marrow derived MSCs, human bone marrow was extracted from seven
patients during orthopedic surgery (Division of Orthopedic Surgery, University of Alberta)
following informed consent. For expansion, cells were plated in Modified Essential Medium
alpha (MEMa,; Cellgro) supplemented with 2.5 ng/mL basic fibroblast growth factor (bFGF,
Millipore), 10% FBS (Gibco), I mM sodium pyruvate (Gibco), 10 mM HEPES (Gibco), 100 U
penicillin/1000 U streptomycin (Biowhitaker) at a density of 166,000 cell per cm?2. Non-
adherent cells were removed by changing the medium every 2-3 days. Once confluent, the
cell monolayer was washed with versene and was detached with 0.05% v/v trypsin-EDTA
(Invitrogen). Cells were counted and re-seeded into supplemented MEMa culture medium
at a density of 5,000-10,000 cells/cm? and underwent 5 passages prior to transplantation.
As we previously reported (37), MSCs isolated using this protocol express by FACS analysis

the classic MSC surface antigens CD29, CD44, CD73, CD90, and CD105.
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2.2.2 GRAFT PREPARATION AND PRE-TRANSPLANT GRAFT CHARACTERIZATION

Bone marrow MSCs were enzymatically detached from culture plates, counted, and 2 x 10°
cells were added to a 100 mm low adherence culture dish (Corning) with 6,000 NPIs in a
total volume of 10 mL culture media. Controls included 6,000 islets cultured alone. Cells
were culture for 48 hours in DMEM low glucose (5.6 mM glucose; Gibco) with 1% FBS, 20
ng/mL EGF, 20 ng/mL bFGF, 10 mM HEPES, 100 U/mL penicillin, 0.1 mg/mL streptomycin,

and 71.5 uM B-mercaptoethanol.

To determine whether MSC co-culture had an effect on the cellular composition or 3-cell
proliferation of the NPI grafts, immunostaining was performed using previously
published methods (15, 16). Primary antibodies included; insulin (1:1000, DAKO),
glucagon (1:5000, Sigma-Aldrich) proliferating cell nuclear antigen (PCNA,1:300, DAKO)
and appropriate species specific secondary antibodies Alexa Fluor 488 or 594 (1:200,
Molecular Probes, Eugene). Insulin, glucagon, and double insulin and PCNA stained cells
were quantified using Image J; http://rsbweb.nih.gov/ij/). Prior to transplant, total
cellular insulin content of the grafts was determined and a static incubation assay was
used to assess GSIS (previously published methods; (15, 16). RNA was also extracted from
grafts (RNeasy Mini Kit: QIAGEN). cDNA was synthesized using the High-Capacity
Reverse Transcription Kit (Thermofisher) and Relative Quantification was performed
using TagMan Gene Expression Assays (Thermofisher) utilizing SDS software on the ABI
Prism 7900HT. Validated primer sets were: PDXI1 (Ss03373351_ml), insulin

(Ss03386682_ul), glucagon (Ss03384069_ul), pancreatic polypeptide (Ss03375477_ml),
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somatostatin (Ss03391856_ml), and glyceraldehyde-3-phosphate dehydrogenase
(Ss03375629_ul) a housekeeping gene. Analysis was by Relative Quantification (RQ)
software (ABI7900HT) utilizing the delta-delta Ct method and plotted as RQ. Controls
were; no template RT control, no template qPCR control and human MSC cDNA to verify

probe specificity to porcine cDNA.

2.2.3 TRANSPLANTATION AND FOLLOW-UP

Male, inbred, B6.129S7-Raglt™Mom /T mice (Jackson Laboratories) were used as recipients.
Animals were maintained under virus-antibody-free conditions in climatized rooms with
free access to sterile tap water and pelleted food. Mice were rendered diabetic by
intravenous injection of 185 mg/kg streptozotocin (freshly dissolved in acetate buffer;
Sigma) 2-4 days before transplantation. Blood samples were obtained from the tail vein for
glucose measurement (OneTouch UltraMini glucose meter). Grafts consisting of 3000 NPI
alone or 3000 NPI + 10® MSCs were transplanted under the left kidney capsule Rag mice
(16). Grafts were aspirated into polyethylene tubing (PE-90) and pelleted by centrifugation
then gently placed under the kidney capsule with the aid of a micromanipulator syringe.
To examine whether NPI-MSC cell-to-cell contact is essential, in 2 separate cohorts of
transplants, mice were implanted under the kidney capsule with 3000 NPI and
immediately after implantation mice were injected intravenously (IV) via the tail vein with
106 MSCs obtained from 2 independent bone marrow donors. Controls included mice

transplanted with 3000 NPI under the kidney capsule but with no IV MSC injection.
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All mice were monitored for non-fasting blood glucose levels at 3 days post-transplant, and
once a week thereafter. When the blood glucose level was <11.1 mM for two consecutive
weeks, mice were deemed normalized. After normalization, an oral glucose tolerance test
(OGTT) was performed on transplanted mice (16). After a 12 hour fast, D-glucose (3 mg/g)
was administered as a 50% solution intragastrically into non-anesthetized mice. Blood
samples were obtained from the tail vein at O, 15, 30, 60, and 120 min. All mice
subsequently underwent a survival nephrectomy of the graft-bearing kidney, which was
taken for morphological analysis or assessment of cellular insulin content (16).
Nephrectomized animals were subsequently monitored to confirm a return of

hyperglycemia.

2.2.4 CHARACTERIZATION OF HARVESTED GRAFTS

The graft bearing kidneys were prepared for immunohistological analysis by fixation in 4%
w/v paraformaldehyde (BDH Laboratory Supplies), then embedded in paraffin and 5 um
sections were prepared. Paraffin sections were processed and immunostained. After
rehydration, antigen retrieval for tissue samples was performed with Tris EDTA Buffer (pH
9.00). The samples were then blocked with 20% normal goat serum (NGS, Jackson for
ImmunoResearch Laboratories Inc) for 1 hour. Tissues were stained with a guinea pig anti-
insulin antibody diluted at 1:1000 (Dako) and a rabbit anti-CD3I antibody diluted at 1:50
(Abcam) in 5% NGS. Secondary antibodies used were AlexaFluor 594 goat anti-rabbit and
AlexaFluor 488 goat anti-guinea pig (Molecular Probes, Eugene) diluted at 1/200 in 5%

NGS. Slides were cover slipped with Prolong Gold Anti-fade (Invitrogen) to preserve
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fluorescence. Negative controls included sections of the same tissues incubated without
primary antibodies and only the secondary antibody whereas positive controls included
sections of neonatal porcine pancreas for both insulin and CD31 staining. Separate negative
and positive controls were employed for each independent staining procedure and
subsequent imaging. Slides were visualized with an Axioscope Il microscope equipped with

an AxioCam MRC and analyzed with Axiovision 4.6 software (Carl Zeiss).

To assess the effects MSC may have on the degree of graft vascularization in the early
transplant period, a cohort of mice were implanted with either NPI alone or NPI + MSCs
and then the grafts were harvested at 3 weeks post-transplant and immune-stained for
insulin and CD3I1-positive cells. In these grafts the CD31 positive area and the DAPI positive
cell number were measured using the Histogram feature of ImageJ and hand counting,
respectively. The ratio of CD3l positive vasculature was then calculated by dividing the

amount of CD3I positive pixels by the number of DAPI positive cells in the graft.

The grafts were also measured for total cellular insulin content (16). Extracted kidneys were
homogenized and sonicated at 4°C in 10 mL of 2 mM acetic acid (containing 0.25% BSA).
After 2 hours at 4°C, tissue homogenates were resonicated, centrifuged (10,000 g, 25
minutes), and supernatants were collected. Pellets were then further extracted by
sonication in an additional 5 mL of acetic acid. The second supernatant was collected after
centrifugation, combined with the first supernatant, total volume was measured, and

samples were assayed for insulin content (MesoScale Mouse/Rat Insulin Kit).
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2.2.5 STATISTICAL ANALYSIS

Data are expressed as mean of n independent observations unless otherwise specified, with
an individual biological replicates shown as points. Statistical significance of differences
was calculated by either Student’s t-test with the Holm-Sidak method for correction for
multiple comparisons where appropriate if the sample approximated a normal distribution,
or Mann Whitney U-test if a normal distribution could not be assumed. Median time to

normoglycemia was compared using the Mantel-Cox log-rank test.

2.3 RESULTS

2.3.1 CHARACTERIZATION OF NPI GRAFTS PRE-TRANSPLANT

Quantification of the proportion of beta- and alpha-cells in the grafts revealed no difference
when NPIs were cultured alone or with MSCs (Table 2.1). Moreover, there was also no
differences in the number of proliferating insulin/PCNA double positive f3-cells. In
contrast, co-culture of NPIs with MSCs resulted in significantly more cellular insulin
content compared to NPIs cultured alone (34.60 + 0.75 pg/pancreas vs. 27.43 + 3.22

ug/pancreas, respectively; p<0.05) (Table 2.1).
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TABLE 2.1: COMPARISON OF NPI| GRAFTS PRE-CULTURED FOR 48 HOURS WITH OR WITHOUT MSCs

Insulin o
C Cell Composition (% of total)
. ontent
Condition B a PCNA+ B+
(pg/pancreas)
NPI 2743 +3.22 1543 +0.44 12.38 +£0.35 5.20+1.80
NPI+MSC 34.60 £ 0.75%* 13.02 £0.44 11.60 +0.33 5.10 £2.20

Data are expressed as mean + SEM of 4 independent experiments. NPIs were pre-cultured
for 48 hours in the absence (NPI) or presence of 10° human bone marrow derived MSCs
(NPI + MSC). *p<0.05 (Student’s t-test).

During a GSIS assay, there was a significant difference (p<0.01) in the amount of insulin
secreted between the two culture groups at low glucose (2.8 mM), high glucose (20.0 mM)),

and the stimulation index (SI) (Table 2.2).

TABLE 2.2: GLUCOSE STIMULATED INSULIN SECRETION OF NP| GRAFTS PRE-CULTURED FOR 48 HOURS WITH

AND WITHOUT MSCs

% Cellular Insulin

2.8 mM 20.0 mM SI

NPI 0.60 = 0.04 093+0.12 1.50£0.12

NPI + MSC 0.83 +0.03* 1.65+ 0.06* 2.01 £0.04*

Data are expressed as mean + SEM of 4 independent experiments. In each experiment,
NPIs were pre-cultured for 48 hours in the absence (NPI) or presence of 10° human bone
marrow derived MSCs (NPI + MSC). SI, stimulation indices, were calculated by dividing
the amount of insulin released at high glucose (20.0 mM) by that released by low glucose
(2.8 mM). *p<0.0L.
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Gene expression analysis of the NPI and NPI + MSC co-cultures revealed co-cultures had
significantly higher levels (p<0.01) of pancreatic polypeptide (1.6 fold increase). There was
no difference in insulin, glucagon, somatostatin and PDXI gene expression (NPI + MSC vs.

NPI respectively; (Fig. 2.1)).
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FIGURE 2.1. RELATIVE QUANTITATIVE RT-PCR COMPARISON OF NPIS PRE-CULTURED FOR 48 HOURS WITH AND
wITHOUT MSCs. There were no significant differences in the insulin, glucagon, somatostatin
and PDXI transcripts within NPIs (white bars) and NPIs co-cultured with MSCs (grey bars).
There were however significantly more pancreatic polypeptide transcripts found in the
NPIs co-cultured with MSCs compared to NPIs alone (*p<0.05). Expression was
normalized to GAPDH (endogenous control) and pig islet mRNA as a calibrator. Relative
gene expression is plotted against Relative Quantification (RQ) values. Data are expressed
as mean + SEM
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2.3.2 TRANSPLANTATION OF NPl AND MSC

Metabolic follow-up of glycemia and weight was measured on the transplanted mice
weekly, and an oral glucose tolerance test was administered once recipients reached and
maintained normoglycemia. MSC and NPI co-transplanted recipients (n=I14) exhibited
significantly lower glycemia at weeks 18 to 20, and 22 post-transplant compared to those
with islets alone (n=14) (Fig. 2.2A). Average weight decreased immediately after transplant,
and subsequently increased following weeks 3 post-transplant. Weight was comparable
between co-transplanted and islet alone recipients (Fig. 2.2B). Mice with co-transplants
began to reach normoglycemia significantly earlier than islet only recipients with a median
time to normoglycemia of 19.5 weeks compared to 25 weeks (p<0.001 Fig. 2.2C).
Furthermore, at 20 weeks 64% of mice in the co-transplant group had obtained
normoglycemia compared to 0% with islets alone; co-transplanted mice demonstrate a
more rapid return to glycemia. At the end of the follow-up period 100% of the mice in both
groups obtained normoglycemia. Following nephrectomy of the graft bearing kidney, all
mice returned to hyperglycemia within 24 hours, confirming that resolution of

hyperglycemia was due to the graft and not regeneration of p-cells.

Mice transplanted with islets alone were less glucose tolerant compared to co-
transplantation recipients (Fig. 2.2D). During an oral glucose tolerance test, mice with NPI
and MSC grafts had significantly lower glycemia compared to islet alone grafts at 15 (15.6

vs.19.7 mM; p<0.05, respectively) minutes post glucose challenge. Furthermore, the
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glucose response curve was significantly lower in mice with NPI and MSC grafts compared

to NPI alone grafts (area under the curve; 1278 + 74 vs. 1072 + 50 mM-min; p<0.05).
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FIGURE 2.2. WEEKLY METABOLIC FOLLOW-UP OF DIABETIC B6/RAG-/- MICE transplanted with 3000 NPI
(n =14; grey line) or 3000 NPI + 106 MSC (n = 15; black line) under the kidney capsule. (A)
Blood glucose levels assessed weekly from O to 35 weeks post-transplant. (B) Body weight
assessed weekly from O to 35 weeks post-transplant. (C) Percentage (%) of mice achieving
normoglycemia (glycemia < 11.1 mM for 2 consecutive weeks) from week 10 to week 35. (D)
Blood glucose values during OGTTs in transplanted mice transplanted with NPI alone (n
=14) or NPI + MSC (n=15). Insert represents respective area under the curve for OGTT (D
inset). Vertical lines in C demonstrate median time to normalization. *p < 0.05 (Student’s
t-tests with Holm-Sidak corrections for multiple comparisons where appropriate); +p <
0.001 (Mantel-Cox log-rank test).
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When we examined whether cell-to-cell contact is required for MSCs to exert an effect on
NPIs, those mice transplanted with NPIs alone under the kidney capsule and given IV
administration of MSCs exhibited no significant difference in weekly glycemia, time to

normalization, glucose tolerance, or graft cellular insulin content compared to mice not

given IV MSCs (Fig. 2.3A-D).
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FIGURE 2.3. MICE TRANSPLANTED WITH NPIS UNDER THE KIDNEY CAPSULE WITH ADMINISTRATION OF
INTRAVENOUS (IV) MSCs. Weekly metabolic follow-up of diabetic B6/Rag~/- mice transplanted
with 3000 NPI under the kidney capsule (solid line) or without 3000 NPI + 106 IV MSC
(dashed lines). A) Blood glucose levels assessed weekly from O to 25 weeks post-transplant.
(B) Percentage (%) of mice achieving normoglycemia (glycemia < 11.1 mM for 2 consecutive
weeks). (C) Blood glucose values during OGTTs in transplanted mice transplanted with
NPI alone (solid line bar, n =8) or NPI + MSC (dashed line bar, n=7). Insert represents
respective area under the curve for OGTT (D inset). (D) Total cellular insulin content of
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grafts containing NPI alone (solid line bar) or NPI + MSC grafts (dashed line bar) at 25
weeks after transplantation. Data are expressed as mean + SEM.

2.3.3 MORPHOLOGICAL CHARACTERIZATION AND INSULIN CONTENT OF GRAFTS

Immunohistochemical examination of the grafts at 35 weeks post-transplant revealed
highly vascularized tissue, consisting predominantly of insulin-positive cells (Fig. 2.4).
Insulin staining at 3 weeks post-transplant was minimal (Fig. 2.4A, C) compared to 35
weeks post-transplant (Fig. 2.4E, G), although no differences between the two groups at

either time point was observed.

Additionally, immune-histological analysis of the grafts for TUNEL showed no evidence of

apoptosis in either NPI or NPI + MSC at week 2 or 3 post-transplant (data not shown).

To assess graft vascularization, grafts were obtained at 3 or 35 weeks post-transplant and
immunostained for CD31 positive vasculature (Fig. 2.4). We hypothesized that the more
rapid normalization in the co-transplant mice could be a result of earlier revascularization
due to MSC secretion of trophic factors. In a separate cohort of mice transplanted with or
without MSCs, grafts were collected at 3 weeks post-transplant to assess vascularization.
Compared to the islet alone graft (Fig. 2.4B), the NPI + MSC graft exhibited markedly
increased CD31 positive vasculature (Fig. 2.4D) at week 3. An abundance of CD31 positive
vasculature were observed throughout the co-transplant graft, while CD31 positive
vasculature were comparatively sparse in the islet only graft. At week 35 grafts were

observed to have similar amounts of CD31 positive vasculature in the two groups (Fig. 2.4F,
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H). Moreover, quantification of comprehensive images at week 3 post-transplant

demonstrated significantly more CD3I positive vasculature in co-transplant grafts versus

NPI alone grafts (Fig. 2.41) (117.4 + 24.7 vs. 35.6 + 6.3 area/cell, p<0.05).
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FIGURE 2.4. REPRESENTATIVE IMMUNOFLUORESCENCE IMAGES OF GRAFTS containing NPI alone at 3
weeks (A, B) and 35 weeks post-transplant (E, F) or NPI + MSC grafts at 3 weeks (C, D) and
35 weeks post-transplant (G, H). Grafts were stained for insulin (green) and CD31 (red).
Scale bars = 25 um. (I) Quantification of CD3I positive vasculature in NPI alone grafts
(white bars and open circles) and NPI + MSC grafts (grey bars and black circles) at 3 weeks
post transplantation. **p < 0.01 (Student’s t-test).

o

Grafts were removed after mice reached normoglycemia and a subset of the grafts were

homogenized to measure total cellular insulin content (Fig. 2.5). Recipients in the co-
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transplanted group had nearly 1.5 times more insulin than islet only recipients (17.5 pg +

237 vs. 12.0 pg + 0.77; p<0.05).
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FIGURE 2.5. TOTAL CELLULAR INSULIN CONTENT OF GRAFTS containing NPI alone (n=7; white bar and
open circles) or NPI + MSC grafts (n=10; grey bar and black circles) at 35 weeks after
transplantation. Line is at median. *p < 0.05 (Mann-Whitney U-test).

2.3.4 EFFECT OF MISC DONOR PATHOLOGY

One paired experiment with a single NPI preparation and MSC donor was found to have
contrasting results from the other experiments (Fig. 2.6). A review of the MSC donor
information revealed that the donor had an autoimmune disease (psoriatic arthritis). In
this paired experiment, co-transplantation recipients (n=6) exhibited no difference in

glycemia than islet only recipients (n=4) in weeks 1-32 post-transplant. No difference in
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weight was observed between groups (Fig. 2.6B), although weights did increase steadily at
week 5 post-transplant, after an initial decline. Interestingly, mice with islets alone began
to reach normoglycemia significantly earlier than mice with co-transplants median time to
normoglycemia of 25.5 weeks compared to 32 weeks (p=0.05). (Fig. 2.6C), Glucose
tolerance (Fig. 2.6D) and total graft insulin content (9.3 pg +1.73 and 10.3 pg + 0.83 for NPI
and NPI:MSC respectively; data not shown) did not differ between co-transplant and islets

only recipients.
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FIGURE 2.6. WEEKLY METABOLIC FOLLOW-UP OF DIABETIC B6/RAG-/- mice transplanted with 3000
NPI (n=4; solid line) or 3000 NPI + 106 Psoriatic Arthritis donor MSCs (n=6; dashed line)
under the kidney capsule. (A) Blood glucose assessed weekly from O to 40 weeks post-
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transplant. (B) Weight assessed weekly from O to 40 weeks post-transplant. (C)
Percentage (%) of mice achieving normoglycemia (glycemia < 11.1 mM) for 2 consecutive
weeks) from week 10 to 40. (D) Blood glucose values during OGTTs in transplanted mice
transplanted with NPI alone (n =4) or NPI + MSC (n=6). Insert represents respective area
under the curve for OGTT (D inset). Vertical lines in C demonstrates median time to
normalization. +p = 0.05 (Mantel-Cox log-rank test).

2.4 DISCUSSION

In this clinically relevant study we demonstrate that co-transplantation of human bone
marrow derived MSCs with NPIs under the kidney capsule of streptozotocin induced
diabetic mice resulted in better functional outcomes compared with NPIs alone. Mice
receiving co-transplants achieved normoglycemia significantly sooner, exhibited lower
glycemias, were shown to be more glucose tolerant, and significantly more graft cellular
insulin content was recovered post-transplant. Prior to transplantation NPI and MSC co-
cultures contained significantly more total cellular insulin content and moreover exhibited

greater GSIS compared to NPIs cultured alone.

Several studies have shown that co-transplantation of rodent MSCs and islets result in
lower blood glycemia (20-23, 38). This is in accordance with our results, as we found
significantly lower glycemia for several weeks midway through the transplant period (Fig.
2.1A). Our results also agree with evidence that co-transplantation reduces the time to
achieve normalization compared to islets alone (22, 23). Similarly, Ito et al. (21) reported
superior glucose tolerance in mice receiving rodent islet and MSC co-transplants, in
concordance with our findings. Since the proportion of time a patient spends in a
hyperglycemic state is directly related to the risks of developing long term complications

and comorbidities (39), this is of great clinical significance. The mechanisms by which
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MSCs improve glycemic control are not yet known, but some evidence supports the
secretion of trophic factors as a potential explanation. In particular, annexin Al appears to
play a significant role in enhancing GSIS and annexin knockdown severely impairs MSC
function (12). Moreover, our data support this observation, since NPIs co-cultured with
MSCs exhibited significantly increased GSIS as well as total cellular insulin content.
Furthermore, MSCs have been found to upregulate certain genes involved in insulin
secretion and synthesis in B-cells (40). However, when NPIs were co-cultured with MSCs
we observed no significant differences in the insulin, glucagon, somatostatin and PDXI
transcripts however significantly more pancreatic polypeptide transcripts were found in

the NPIs co-cultured with MSCs compared to NPIs alone.

Rapid development of a vascular system is important for islet function after transplant (5),
and earlier angiogenesis could contribute to improved NPI function, as evidenced by the
increase in CD31 positive vasculature in the co-transplanted grafts. MSCs secrete VEGF, a
trophic factor that induces angiogenesis (41). Many studies involving transplanted MSCs
have found an increase in capillaries (20, 21), increased endothelial cell positive areas (38),
or VEGF production (42) in graft areas, although one has shown no increase in
vascularization (23). Additionally, mice deficient in pancreatic VEGF expression exhibited
impaired glucose tolerance (41), indicating that VEGF may potentially improve glucose
tolerance. Fabryoya et al. (42) used rodent MSCs to enhance vascularization of an
implanted scaffold, intended to create adequate vascularization in previously unsuitable
sites for transplantation such as subcutaneous and the greater omentum (42). MSCs were

unable, however, to provide adequate vascularization for the intramuscular site (40). The
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lack of any effect when MSCs are administered IV (Fig. 2.3), indicates that MSC action may
be site dependent, and cell-to-cell contact may be necessary. Further investigation is
required to identify the specific mechanisms by which MSCs affect the graft

microenvironmnent.

Co-transplant recipients also exhibit superior glucose tolerance (Fig. 2.2D) and higher total
pre-culture and post-transplant graft cellular insulin content (Table 2.2 and Fig. 2.5). We
have previously reported that human MSCs prevent -cell apoptosis in human islets in vitro
(37), and in vivo studies have suggested that rodent MSCs can prevent rodent [-cell
apoptosis (23). A lack of immunostaining for TUNEL on early time point grafts indicate no
apoptosis in grafts from either group at 3 weeks post-transplant (data not shown). This
suggests MSCs do not prevent [3-cell apoptosis in NPIs. This does not contradict previous
findings, however; it is known that NPIs are more resistant to hypoxia than human islets
(17) and have the ability to proliferate after transplant (16). It is not unexpected that NPIs

are less sensitive to hypoxic conditions in the initial post-transplant period.

MSC donor characteristics, such as age and sex, have an impact on the therapeutic potential
of MSCs (26). Less is known about how the specific disease status can affect characteristics
of MSCs (26). However, autoimmune diseases as a whole have been associated with some
dysfunction (26), including altered morphology (32), decreased proliferative capacity (32-
34), altered gene expression (35), decreased expression of trophic factors (33, 35), and
reduced inhibitory effect on T cells (32, 35). In one of our paired experiments, we

discovered that the MSC donor had psoriatic arthritis (PA), an autoimmune disease in



61

which joints are targeted for immune attack and inflammation. The experiment using the
PA MSCs from this donor was conducted using the same protocol as the experiments
discussed above. In this experiment, mice in the co-transplantation group had no
differences in glycemia (Fig. 2.6A), significantly increased time to normalization (Fig.
2.6C), no difference in glucose tolerance (Fig. 2.6D), and no difference in insulin content
(data not shown). The positive effects that were exemplified in the previous experiments
disappeared, and in fact PA MSCs had a detrimental effect on the ability of NPIs to reverse
diabetes. This suggests that these MSCs did have functional impairment, such as a
reduction in VEGF expression or reduced anti-inflammatory effects. Some studies show
that MSCs from diabetic donors may have decreased proliferative capacity and
differentiation potential (26, 28). Furthermore, MSCs from rodent and human diabetic
type 2 donors have been shown to have reduced proliferative capacity, higher levels of
senescence and apoptosis, and decreased differentiation potential (28, 43). This is likely
caused by the diabetes microenvironment of high glucose and increased concentrations of
advanced glycation end products and reactive oxygen species (28). Therefore, TIDM donors
may have impaired MSCs for two reasons; autoimmune disease status and diabetic
microenvironment. It is critical to learn more the functional capacity of MSCs from donors

with TIDM, as using autologous MSCs from these patients may not be as effective.

In this study we have demonstrated that MSCs have a beneficial effect on the efficacy of
NPI transplantation and in vitro function; they encourage islets to be curative faster and
increase the glucose tolerance of islets after reversal of diabetes, potentially due to earlier

development of a vascular system and enhanced glycemic control.
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CHAPTER 3: DISCUSSION
3.1 GENERAL DISCUSSION

There were 1.3 million individuals with TIDM, costing the government $5.9 billion in
Canada in 2000, and those numbers are expected to triple by 2020 (1). Insulin therapy, the
current gold standard treatment for individuals for TIDM, is a burden on patients due to
cost, constant monitoring, and daily injections. Furthermore, exogenous insulin therapy
does not provide perfect glucose control and fluctuations are unavoidable (2).
Hypoglycemic events are the most dangerous complication of insulin therapy (2). The list
of long-term complications of TIDM is long, and includes retinopathy, limb amputation

(3), renal failure, and neuropathy (4).

B-cell replacement is ideal as it provides endogenous insulin, which reduces glycemic
variability. Whole pancreas transplant comes with a high chance of morbidity and
mortality due the necessity of major surgery (5). Islet transplantation is more ideal, as it
does not even require general anesthesia (6) and complications are minor (7). Significant
advance was made on the field of islet transplantation in 2000 when 7/7 patients sustained
insulin independence after one-year post-transplantation (8). A five-year follow-up

indicated, however that insulin independence is not sustained (9).

There may be several reasons for loss of graft function. There are early inflammatory events,
known as IBMIR, that cause massive islet damage and coagulation (10). Transplanted islets
also lack sufficient blood supply, as their pancreatic connections were severed during

isolation and they remain hypoxic until they can be revascularized in the recipient, which
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takes several days to several months (11). Another issue is the consistency of donor islets,
and islet quality or transplant outcomes cannot be predicted by donor characteristics (12).

Taken together, these factors contribute to early loss of islets, which may be up to 60% (13).

NPIs are a viable alternative to cadaveric donor islets; pigs are an ideal source of donor
tissue as they breed rapidly and have large litters, creating a virtually unlimited supply (14).
Additionally, NPIs are naturally resistant to hypoxia (15), pro-inflammatory cytokines (16),

and hyperglycemia (17).

MSCs are ideal in solving the above issues in islet transplantation. They are anti-
inflammatory, pro-angiogenic, and beneficial to islets in culture. Co-transplantation
studies using rodent islets and MSCs have been shown to improve islet graft function.
Several studies have shown that the addition of MSCs can reduce the number of islets
necessary to cause reversal of diabetes (18-21). MSCs may also help islets retain a normal
morphology in vivo (20). Importantly, several studies have found that MSC co-
transplantation improves vascularization (18, 22, 23). Mice receiving co-transplants tend
to have improved glucose tolerance (19, 20, 22), which may due to MSC’s secretion of

Annexin-Al (24).

In this study, we assessed the effects of co-transplanting NPIs and human bone marrow
derived MSCs in a streptozotocin induced diabetic B6.129S7-Ragl™!Mom/] mouse model.
We found that co-culture of NPIs and MSCs results in higher insulin content and improved
GSIS (Table 2.2), but no difference in total number of B-cells (Table 2.1) and no difference

in insulin transcripts (Fig. 2.1). Co-transplantation recipients had better blood glycemia
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(Fig. 2.2A), glucose tolerance (Fig. 2.2D), and normalized significantly earlier (Fig. 2.2C)
than NPI alone recipients. Addition of MSCs by IV injection did not improve metabolic

outcomes (Fig. 2.3), demonstrating that cell-cell contact may be necessary.

We demonstrated that co-transplantation grafts had better vascularization at an early time
point (Fig. 2.41), which may account for earlier normalization. Additionally, we found that
co-transplant grafts had higher total insulin content (Fig. 2.5), which could contribute to

better glucose tolerance.

Interestingly, we found that co-transplantation with MSCs from a donor with an
autoimmune disease (psoriatic arthritis), negated these beneficial effects. In this particular
study, co-transplant mice did not have improved glycemia (Fig. 2.6A), glucose tolerance
(Fig. 2.6D), and actually took significantly more time to normalize (Fig. 2.6C). This may be
clinically relevant as it calls into question whether it is optimal to use autologous MSCs to

treat individuals with TIDM.

3.2 CONCLUSIONS

In this study, we found that bone marrow derived MSCs have beneficial effects on NPIs, in
vitro and in vivo. CO-culture of NPI and MSCs results in higher total insulin and better
GSIS. Co-transplantation results in better glucose tolerance and earlier normalization. Co-
transplant grafts at 3 weeks have better vascularization, which may account for improved

transplant outcomes.
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There are still many areas of research ahead for this project. We have found evidence that
autoimmune disease in the MSCs donor impairs MSC activity and negates the
improvement in co-transplantation outcomes. This is however, a single MSC donor with
one particular autoimmune disease. Further research is required into other autoimmune
diseases, particularly TIDM, to determine whether these MSCs are impaired as well. In
Carlsson and colleagues’ clinical trial administering MSCs to newly diagnosed TIDM
patients, they used autologous bone marrow derived MSCs as the source (25). There is
some evidence that autologous MSCs may be superior to allogeneic MSCs to treat ischemic
cardiomyopathy, although both sources showed improved outcomes (26). Based on our
findings, however, autologous MSCs might be impaired specifically in individual’s with
autoimmune diseases, so treating TIDM with autologous MSCs may require special
consideration. In fact, one study has shown that MSCs from diabetic mice has decreased
proliferative capacity and diminished differentiation potential, suggesting they may be
impaired (27). Additionally, MSCs from T2DM human donors have been shown to have a
reduced proliferative capacity, higher levels of senescence and apoptosis, and decreased
differentiation potential, likely caused by the diabetes microenvironment of high glucose
and reactive oxygen species (28). Given that autologous MSCs may be impaired due to
autoimmune disease status and the diabetes microenvironment, further research is crucial,
since it will determine whether autologous or allogeneic donors are used to treat TIDM

patients.

Another issue is the safety of infusing MSCs into the vascular system. Animal models show

that IV administered MSCs tend to accumulate in the lungs, and distribution after lung
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entrapment cannot be demonstrated (29). However, there is a number of clinical trials that
have demonstrated the safety of IV MSC administration in treating diabetes, Crohn’s
disease and myocardial infarction and reported no adverse events (25, 30, 31). Our study,
however, has found no efficacy when infusing MSCs intravenously (Fig. 2.3), so in this
context direct cell-cell contact between islets and MSCs may be necessary to promote

better glucose tolerance and vascularization.

The question still remains about the method of transplanting MSCs with islets in clinical
islet transplantation. Currently, islets are infused into the hepatic portal vein during
transplant, an ideal site for minimal invasiveness and easily resolved complications.
However, islets are exposed to IBMIR (32) and hypoxic conditions (33), and about 60% of
the graft is lost following transplantation (34). MSCs could potentially improve the hepatic
portal site, as we have demonstrated they increase vascularization in our model (Fig. 2.41).
We have demonstrated that IV administration of MSCs did not lead to improved transplant
outcomes, so clinically MSCs would likely need to be co-injected into the portal vein with

islets, rather than IV administration.

Another promising area of research is the source of MSCs. Adipose-derived MSCs are more
plentiful in the tissue by approximately 500 fold (35) and secrete comparable levels of IL-
6, IL-8, and VEGF, and higher levels of bFGF (36) compared to bone marrow-derived MSCs.
Since adipose-derived MSCs are more plentiful and easily isolated, they are an excellent
candidate source of MSCs for co-transplantation. Further research is required to examine

whether they have similar beneficial effects on islets in vitro and in vivo.
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Further research is required before MSCs are adapted into the clinical for islet
transplantation. The MSC source needs to be determined; bone marrow or adipose tissue,
and autologous or allogeneic. Adipose-derived MSCs may be more easily isolated and
expanded for clinical use compared to bone-marrow-derived MSCs, so adipose-derived
MSCs need to be studied for their effect on islets. Autologous MSCs may have superior
effects clinically on diseases such as ischemic cardiomyopathy (26), and Carlsson et al have
turned to autologous MSCs for their clinical trial on TIDM patients (25). These MSCs may
not be ideal, however, in the case of TIDM, an autoimmune disease, and comparisons of
autologous versus allogenic MSCs in the context of TIDM need to be examined before

translation into the clinic.
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