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SYNOPSIS

Diabetes mellitus the silent epidemic has becongeafrthe most significant
non-communicable diseases globally. Diabetes msllis a chronic metabolic
disease characterized by the elevation of gluceseld in blood either due to
inherited and/or acquired deficiency in productannsulin by the pancreatic islets,
or by the ineffectiveness of the insulin producékhis condition leads to
abnormalities in the metabolism of carbohydrat®ten and/or fat which in turn

results in micro-vascular/macro-vascular complaratiand neuropathies.

Diabetes is mainly treated by administration ofl aati-diabetic drugs or
insulin injection. However these approaches canmaiic the physiological
oscillating pattern of insulin release to achievarnmoglycemia thereby cannot
prevent the long term complication associated wdihibetes and hypoglycemic
shock. Transplantation of pancreatic islets aimactueve euglycemia by following
the rhythmic oscillating pattern of insulin releas® in physiological manner. For
transplantation purposes, islets are isolated fdonor pancreata by enzymatic
digestion which disrupts the islet’s extracellutaatrix (ECM) and microvasculature
generating cellular stress which results in islel death, reduced function and
survival with poor transplantation outcomes. Islelis need to be cultured vitro
prior to transplantation and long term culture with compromising cell viability
and function is challenging. Pancreatic islatsitro culture require a solid matrix to

serve as a supporting matrix to promote its suhawva substitute for the absence of
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native ECM; thus, culturing on a biodegradable feda@f provides a suitable

alternative.

Applying the principles of tissue engineering agmto which proposes to
repair or regenerate damaged organs using a conanira cells, biomaterials and
cytokines the longevity as well as function of istells could be enhanced. The
biomaterial scaffolds used for islet culture shokéVe distinct characteristics. The
scaffold should serve as a structural componeninfaintaining the appropriate three
dimensional (3D) architecture of the islet constritcshould have high surface area
to volume ratio, high interconnectivity as well a®re geometry for proper
orientation of cells, to support cell adhesion affbctive oxygen/mass transfer
characteristics. The pore size of the scaffold ¢sitecal factor in islet culture, since
islets have a diameter of 100-200um which means gbee size of the scaffold
should be greater than islet diameter. The scaffotdsen should also be

biodegradable to allow tissue regeneration ovee.tim

Pancreatic islets are one of the most vascularmens of the body
consisting of a framework of capillaries critical freceiving nutrients, mass transfer
and intercellular communication between islet cePsncreatic endocrine cells
strictly require endothelial signals for their @iféntiation and function. Vascular
endothelial cells (EC) induce the development l&ftssand later islets stimulate EC
to form a branching network of capillaries withimetislet. Endothelial cells also
contribute to the formation of vascular basementirane of islets which is solely

responsible in enhancing bef (slet cell proliferation, function and survival.
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The need to obtain multiple donor pancreases fah gzatient and the
uncertainty regarding long term side effects frenmunosuppression also limit the
benefits of islet transplantation to patients whiighly uncontrolled diabetes. The
use of stem cell differentiated islets could ovemeahe limited availability of donor
islets for transplantation purpose. While embryatem cells are known to exhibit
unlimited differentiation potentiah vitro andin vivo, their application is limited by
ethical, legal, and political concerns, as wellbgsscientific issues of safety and
efficacy. Adult stem cells derived from autologossurce offer an alternative
approach that circumvents many of these concermweMer, the most abundant and
accessible source of adult stem cells is adipssedi whose differentiation potential

could be exploited to derive pancreatic endocrimedge.

The first hypothesis of the present study is tligp@se stem cells could be a
better source to derive pancreatic endocrine liaeegjlsin vitro which could
overcome the severe scarcity of donor islets fandplantation purpose.
Recognizing the importance of scaffold in tissueieeering islets, the second
hypothesis is that a biodegradable and biomimdiics@affold with adequate pore
sizes and mechanical strength is a critical requarg to support islet cell survival.
Since endothelial cells play an important rolesieti neogenesis and function, third
hypothesis is that culturing stem cell differergthtslets and EC together as a co-

culture model on the scaffold matrix may improvetigell survival and function.

The thesis has been divided into six chapters.t Fasthe introduction
chapter, which sketch out the purpose and sigméieaof the present study. Briefly,

introductory chapter comprises of an understandirthe diabetic state, its statistics
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and the therapeutic approaches. The study hypathebgectives and the relevance

of the study in the present global scenario alsafpart of this chapter.

The second chapter is the literature review thdtildewith causes of
diabetes, role of pancreatic islets. Alternativarses of cells and the potential of
stem cells to be used in islet transplantation sigthaling cues adopted for its
differentiation to islets and also the role of E neo-islet formation, signals
promoting the formation of vascular basement memdbra supporting islet cell
function are described in this chapter. The ECM position of islets, literature
review of various scaffolds and extracellular matomponents used for culturing
islets, their positive impact on enhancing isletgevity and function as well as their

signaling mechanism are explained.

The third chapter comprises the materials and ndetlbgy adopted in the
present study. First is the enzymatic procedurel figeisolating islets from rabbit
pancreata. Islets cells were assessed for itsypoyidithizone staining. Next is the
procedure for isolating stem cells from rabbit amdman adipose tissue. The
morphology of the isolated cells was analyzed bysehcontrast microscopy,
characterized by immunofluorescence and flow cytoynanalysis. For co-culture
system, endothelial cells were isolated from hunnabilical vein and characterized
by immunofluorescence. Next the methodology adogdtadfabrication of the
polymeric scaffold using gelatin and oxidized dertiby freeze drying method is
discussed in this chapter. Further physicochenubatacterization of the scaffold
was done by Fourier Transform- Infrared Spectrogc(Hr-IR) to evaluate the

functional groups, contact angle assay to studyasercharacteristics, scanning
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electron microscopy to reveal the pore morpholdigwid extrusion porosimetry to
evaluate pore geometry, and biodegradation/sweldsgpys to study the nature of
the scaffold. The cytocompatibility of the scaffoldas assessed by vitro
cytotoxicity assay. The suitability of the scaffold culturing islets cells was
evaluated using rabbit islets. One month cell sg&i2 construct was evaluated for
its functionality mainly insulin secretion in resms® to varying glucose
concentrations (5mM and 25mM) compared to islettuced on 2D tissue culture
polystyrene dish (TCPS). Furthermore the viabibtycells on scaffold was assessed
by live-dead assay and ECM of islet cells was eataltl by immunohistochemistry
for collagen IV. Rabbit and human adipose stensaedire differentiated to islet like
clusters (ILC) on TCPS dish, TCPS dish coated waathffold matrix both serving as
2D culture systems and scaffold which serve as GBure. To evaluate whether
differentiation process resulted in islet specifiarker expression on 2-D and 3-D
cultures, ILC were subjected to gene and protepression analysis by polymerase
chain reaction (PCR) and immunophenotype respédgtiVae viability and function
of ILC on 2D and 3D cultures were assessed by dead assay and insulin
guantification respectively. The ILC and EC werecottured on 2D and 3D culture
systems; further analyzed for its viability and ¢tian. Furthermore ECM was

analyzed by immunohistochemistry.

The fourth chapter comprising results is dividetbigix sections. The first
section includes the results of characterizatioatem cells isolated from rabbit and
human adipose for its stemness. Isolated cells fadyhit and human adipose tissue

were positive for mesenchymal marker vimentin, sttt markers like CD105,
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CD44 and negative for hematopoeitic marker CD34/&D4In addition flow
cytometry analysis results showed higher populagixpressing stem cell properties.
Islet cells isolated from rabbit pancreas expredskxt specific markers insulin,
glucagon and somatostatin. Furthermore this seatidndes the characterization of
endothelial cells from human umbilical vein confing the presence of endothelial

markers like von Willebrand factor and CD31.

The second section deals with the results from adtarization of the
fabricated freeze dried scaffold. The Scanning tedac micrograph showed the
morphology of the scaffold with interconnected oreiquid extrusion porosimetry
data showed that the pore sizes range from 100#M06{I-IR data confirmed the
efficient crosslinking of oxidized dextran and deldy Schiff base linkage. Contact
angle data revealed the hydrophilic-hydrophobiarebf the scaffold. The higher
swelling ratio of the scaffold is an indication thle efficient nutrient and medium
uptake ability of the scaffold. Biodegradation piefevealed that the scaffold had
slow degradation rate in the study period of onentmo The in vitro

cytocompatibility assay confirmed that the scaffeias non-cytotoxic.

The third section includes the results from rallgts cultured on 3D in
comparison to 2D. Insulin gene expression and imssgcretion assay of rabbit
islets confirmed that scaffold group islets seaetignificantly higher insulin when
compared to that of 2D culture. Live-dead assayveldoviable islets on day 60 on

scaffold whereas islet cells on day 30, 2D was fiotanbe non-viable.

The fourth section includes the results from chraration of 2D and 3D
cultured ILC from rabbit. The fifth section inclugleesults from characterization of
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2D and 3D cultured ILC from human. The insulin gengression and secreted
insulin in response to high glucose concentratadrsC was significantly higher on
scaffold group in comparison to 2D culture groupeTimmunofluorescence data
confirmed the presence of alpha and delta cellsaddition to f cells on
differentiated ILC by their simultaneous secretiminglucagon, somatostatin and
insulin respectively. Viability data revealed viabislet clusters on scaffold

throughout the study period of 30 days in conttashe 2D cultured ILC.

The sixth section deals with the data obtained fcorculture of EC and ILC
on 2D and 3D cultures. Insulin secretion and vigbibf ILC were significantly
higher on the scaffold—ILC-EC groups in contrasi® culture and ILC-scaffold

culture groups.

In the fifth chapter the implications of the findsfrom 2D and 3D cultures
of ILC and ILC-EC constructs are discussed in dlefEne results obtained are
interpreted in this section. The importance of &ddfin maintaining the phenotype
and structural integrity of ILC as well as its role serve as a substrate for

synthesizing the ECM components to enhance istetval are discussed.

The sixth chapter summarizes the overall resultaiodd. The importance of
scaffold and endothelial cells in promoting islehétion and future aspects of the

investigations are proposed.
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CHAPTER 1

INTRODUCTION

1.1 Background

Diabetes mellitus remains a prevalent and chaliengealth problem in the
21% century. International Diabetes Federation estithéitat in 2012, more than 371
million people worldwide are affected with diabete®d is expected to rise to 552
million by 2030. Diabetes mellitus is a group oftaimlic disorders either due to
defect in insulin secretion or insulin action otbb@immetet al, 2003). Insulin is a
peptide hormone produced by pancreatic islets withle to regulate carbohydrate
and fat metabolism in the body. Insulin secretegaycreatic islets allows glucose
from food to enter the body’s cells where it is werted into energy for muscle and

tissue function.

A person with diabetes is unable to absorb glugmsmerly; therefore
glucose remains circulating in the blood resultimg hyperglycemia. Chronic
hyperglycemia leads to disturbances in carbohydifateand protein metabolism
which results in tissue damage over time. The comsywnptoms associated with
diabetes are polyuria (frequent urination), polgthp (increased thirst) and
polyphagia (increased hunger). Untreated diabetes cesult in several
complications resulting in diabetic ketoacidosisl anketotic hyperosmolar coma.
Long term consequences could end up in life thréagehealth complications like

cardiovascular disease, neuropathy, nephropathinopathy and microvascular



disease. The mean normal blood glucose level inamgms about 5.5 mM (5.5
mmol/L or 100 mg/dL). The normal value for fastiblpod glucose level and post
prandial value (2 hours after consuming glucosejukh be between 70 -100
(mg/dL) and less than 140mg/dl respectively. Fgshilood glucose values between
100-126 mg/dl and post prandial between 140-20@hagé considered to have pre-
diabetes. Fasting blood glucose levels greater @6 mg/dl and post prandial

greater than 200 mg/d| are considered to have tiabe

1.2 Types of diabetes

There are mainly two types of diabetes (Figure.1Type | diabetes also
known as insulin dependent diabetes or juvenileebdsabetes, is an autoimmune
disease which results in destruction of insulindoi@ng beta/) islets of pancreas.
Due to the reduced number pfcells, insulin production is so less that the pers

has to solely depend on exogenous insulin to aemevmoglycemia.

Type |l diabetes also known as adult onset diaheteaused either because
pancreas does not produce enough insulin or dumstain resistance. Insulin
resistance is an abnormal condition whereby theptecs of the cells that respond
to insulin have lost sensitivity and become "resist to insulin. In the case of
insulin resistance, the pancreas produces induliinsulin sensitivity of the cells is
impaired, hence glucose cannot enter body celldtineg in hyperglycemia. Central
obesity is a major factor contributing to type Ihlgetes. Abdominal fat secretes
hormones mainly adipokines which impair glucoselarance resulting in insulin

resistance. Administration of oral anti-diabetizigs and medications to improve



insulin sensitivity could be a treatment optionstome extent if thes islets are
producing insulin. If thes islets are impaired, the patient has to rely osulin

therapy to regulate the blood glucose levels.

Another type of diabetes known as gestational desbeesembles type I
diabetes involving a combination of reduced insubecretion and insulin
responsiveness. It is triggered by pregnancy ang im@rove or disappear after

delivery.
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1.3 Treatment for diabetes

The major goal in treating diabetes is to minim@&ey elevation of blood
sugar (glucose) avoiding the risk of severe hypogtyia. Anti-diabetic drugs are
used to lower the blood glucose levels in typadbétic patients. Drugs act in a way
that either increases the amount of insulin semmely pancrease(. sulfonylurea)
or increase the sensitivity of target organs toulins (eg. metformin and
thiazolidinediones) or which reduces the rate atliglucose is absorbed from the

gastrointestinal trace@ alpha-glucosidase inhibitor).

Insulin therapy is the treatment of diabetes by iathtering exogenous
insulin, subcutaneously either by injections omnyinsulin pump. Insulin could also
be given intravenously. Insulin is classified intoee types based on the rate at
which they are metabolized by the body. They ap&dracting insulin, intermediate
acting insulin and long acting insulin. The majorawlback associated with
administration of drugs and insulin injections d&ne chances for hypoglycemic
shock, besides the end stage complications assdciaith diabetes cannot be
prevented. Although intensified insulin regimen noyes glycosylated hemoglobin
concentrations and reduces the rate of long-tenmptoations, it does not prevent

them.

Pancreas and islet transplantation offers the patetherapeutic option for
achieving euglycemia. Pancreas transplantation I\ego a surgical procedure
implanting a healthy pancreas from a deceased dormrecipient. The side effects

of pancreas transplant could be significant; tleeeeit is usually advised for those



who have serious diabetic complications and is ddoag with kidney transplant.
In order to prevent rejection by the immune systpatients must take a regimen of
immunosuppressive drugs. However immunosuppressioreases the risk for a
number of different kinds of infection and canc@ver recent years, long-term
success of pancreas transplant has improved &wdh@wve decreased, but the severe

scarcity of donor organs limits its application.

Islet transplantation involves the transplantatafnpancreatic islets from
donor pancreas to recipient’s liver through hepptcal vein. Islet transplantation
requires minimum 10,000 islet equivalents/kg bodsight of the person which
demands at least two donor pancreata. Once trameglaislets sense the blood
glucose levels and start producing insulin therablyieving normoglycemia. Since
islets are taken from allogeneic source, immunosggive drugs are required to
prevent graft rejection. Islet transplantation islvantageous over pancreas
transplantation for the reason that islet trangpgka minor surgical procedure, safer

and less expensive.

1.4 Tissue engineering approach

The pancreas of deceased donor is subjected tomaizy digestion to
separate islets which disrupts the extracellularimé@ECM) thus reducing the long
term survival of transplanted islets. The use ofope three dimensional (3D)
biodegradable scaffolds mainly made of polymeraniaterials; could substitute the
role of native ECM thus providing the structurappart for cell attachment and

subsequent tissue development. Tissue engineeyiag interdisciplinary approach



that applies the principles of engineering, matest@ence and life science towards
the development of biological substitutes thataestmaintain, or improve tissue
function (Langer and Vacanti, 1993) (Figure 1.2Ell§; scaffolds and growth-

stimulating signals are generally referred to a&stihsue engineering triad, the key

components of engineered tissues.
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Figure 1.2Basic concepts of Tissue Engineering. The cellsftioe patient could be expanded

in vitro thereafter cultured on a three dimensional scaffolgenerate a graft and transplanted back

to the patient

The scaffolds could also be modified with extradeil matrix (ECM)
ligands, thus promoting infiltration of vascularepursor cells and/or enhancing
islet—ECM interactions, an essential factor in rmmng islet function. The
scaffold could serve as a vehicle for islet traastdtion that promotes engraftment,

revascularization, and integration of the implaithvihe host.



1.5 Islet vasculature

Pancreatic islets are one of the most vascular@mens of the body.
Vascular EC not only make up a significant parthaf islet volume but also form an
integral part of islet function. The islets of Lamgans consist of a framework of
capillaries in which endocrine cells are closelgamsated with islet vasculature,
receiving nutrient and hormonal signals acrossctyllary endothelium. The islet
vascular system is critical for intercellular commoation between islet cells. The
enzymatic digestion procedure, used to isolatésispartially removes intraislet EC
and thereby contributes to transplant failure. $phanted islets require 10-14 days
to revascularize; yet revascularization does ndly frestore microvessel density
when compared to endogenous islets even at 1 npwgtitransplant, and by this

time frame islets lose their endocrine function.

Endocrine pancreatics cells require endothelial signals for their
differentiation and function. Vascular EC induce tevelopment of islets and later
islets stimulate EC to form a branching networkcapillaries within the islet.
Endothelial cells also contribute to the formatadrvascular basement membrane of

islets which promoteg islet cell proliferation, function and survival.

1.6 Generation of islets from alternate sources

The inadequate supply of donor pancreas and theihgydence of diabetes
make it impossible to achieve insulin independentediabetic patients. One
possibility is to generate islets vitro from stem cells. The potential use of adult

stem cells offers the advantage of an autologowemeherein a patient’s own cells



can be used thereby circumventing immune rejectioraddition, adult stem cells

are less associated with ethical and societal coace

1.7 Hypothesis

The first hypothesis is that adult stem cells cobkl an attractive and
alternative source for generating islets unigheritro conditions. Secondly, tissue
engineering approach utilizing biomaterial scaffotdild be employed for culturing
islets. The scaffold used could play the role ofMEGerving as a supporting

framework for cell attachment, function and surtiva

The final hypothesis is co-culturing endotheliallc@long with stem cell
differentiated islets on a biomaterial scaffold Icbfavor islet survival and function.
In this case, signals from EC could favor differation of stem cells towards islets
and contribute to the vascular basement formatibithvis an important criterion

for long term islet survival and function.

Taken together, stem cell derived islets and ECcutawred on a 3D
biomaterial scaffold are expected to overcome tlublpm of vascularization and

may enhance islet viability, survival and insuleceetion.

1.8 Objectives
* Toisolate stem cells from adipose tissue of rédbbmhan and to characterize
it for various stem cell markers and differentiatio at least two lineages

underin vitro conditions.



» To fabricate a 3D scaffold for culturing islets andccharacterize its
physicochemical properties.

» To differentiate stem cells to islet like clust@isC) on two dimensional
(2D) culture plate and on 3D scaffold and studyutsctionality.

* To optimize co-culture system of stem cell diffdrated islets and EC and to
study the functionality and survival of islets io-culture system.
Furthermore to study the mechanism of interactievben EC and stem cell

differentiated islet like cells.

1.9 Significance

The present study is based on tissue engineeringepd for generating
pancreatic ILC from adult stem cells. Here we htal@icated a novel 3D porous
and biodegradable scaffold comprised of naturaymels for culturing islet cells.
The scaffold fabricated has shown to support isletvival and function by
maintaining its phenotype. Our long term goal i<teate a biohybrid pancreas by
tissue engineering approach which has the abilitgeicrete islet hormones as the
native islets thereby regulating glucose metaboliEhe importance of scaffold and
EC in islet culture has been demonstrated in tesgnt study. The approaches and
findings used in the present study present pofersieategies for preparing

transplantable islets with enhanced function amdigal prospects.
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CHAPTER 2

LITERATURE REVIEW

2.1 Diabetes Mellitus

Diabetes mellitus occurs as a result of imbalaneavéen demand and
production of insulin which results in hyperglycemiThe importance of the
pancreas in carbohydrate metabolism had been ksinee experiments in 1890.
The entire pancreas from dog was removed and timpteyns of severe diabetes,
namely, high blood sugar (hyperglycemia), glycasuand finally death involving
ketosis and coma were observed in 2 or 3 weekss Tihding was the first
experimental proof that diabetes may be of panicreatigin (Mering and
Minkowski, 1890). The elevated fasting and postdial blood glucose levels
exposes the patient to acute and chronic compiegat{micro- and macro-vascular)
leading to blindness, kidney failure, heart diseat®ke and amputations(American

Diabetes Association, 2012) .

The inadequate production and secretion of ins@sults in altered blood
glucose dynamics and insulin deficiency is therhatk of diabetes, with insulin
resistance being associated with some forms oflidease. Insulin (Latininsula
for ‘island’) is a naturally occurring peptide havnme secreted by pancreatic islet

cells.
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2.2 Pancreatic islets

Islets of Langerhans commonly referred to as '$Sledre cell clusters
discovered by Paul Langerhans, German anatomisi869 which constitute
approximately 1% to 2% of total mass of pancred$ere are several cell types
within islets which work together to regulate bloghlicose levels (Figure 2.1).
Pancreatic alphaoj cells (15-20% of total islet cells) produce glges; § cells
(65-80%) produce insulin and amylin; gamm@ (ells (3—-10%) produce
somatostatin; PP or delta)(cells (3—-5%) produce pancreatic polypeptide and
epsilon €) cells (<1%) produce ghlerin.

pancreatic polypeptide

pancreatic duct producing PP ord cell

insulin producing _ ' it 3= TR somatostatin producing
B cells o/ N, V1 7% v cell
¥ el R glucagon producing
exocrine acinar ‘ * e 4 « cell
cells P A R
e 1A
oty [

blood capillary

Figure 2.1 Cytoarchitecture of pancreatic islets showing diffé cell types. Islets of Langerhans
comprises of mainly alpha), beta (), gamma ) and deltad) cells each of them having its own

endocrine function.

2.3 Insulin hormone

Insulin produced by pancreatfcislets allow glucose from food to enter the

body’s cells where it is converted into energyrfarscle and tissue function. Human
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insulin is composed of 51 amino acids having mdecweight of 5808 Da. It is a
dimer of an A-chain and a B-chain, which are linkedether by disulfide bonds.
Insulin binds to specific cellular receptors thatilitate entry of glucose into the
cell, which uses the glucose for energy. The irs@dansulin secretion from the
pancreas and the subsequent cellular utilizatioglotose results in lowering of

blood glucose levels. Lower glucose levels thenltes decreased insulin secretion.

2.4 Current approaches for treatment of diabetes

The therapeutic goal for treatment of diabetes khoaim towards
achievement of normoglycemia. Insulin and/or oralpdyglycemic drugs are

administered depending on the nature of disease.

2.4.1 Oral hypoglycemic drugs

Oral hypoglycemic drugs are classified based oir thaction (Krentz and

Bailey, 2005) as illustrated in Table 2.1.

2.4.2 Insulin therapy

Insulin therapy is an efficient tool to improve ggmic control in both types
of diabetes. Since the discovery of insulin in 18%1Banting and Best, a variety of
insulin formulations have been developed (Blis93)9 Researchers first gave an
active extract of the pancreas containing insuia tyoung diabetic patient in 1922,
and the Food and Drug Administration (FDA) firstpagved insulin in 1939. The
first recombinant human insulin was approved by B¥A in 1982 (Miller and

Baxter, 1980). The introduction of human insulinregombinant technology paved
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the way to alter insulin molecule for improved phacokinetics (Vajo and
Duckworth, 2000). Insulin analogues such as Humadognd Aspart are available

that can be absorbed more easily (Gargl, 1999).

Insulin is usually administered subcutaneoushhegiby injections or by an
insulin pump. Insulin could also be given intravesly. Insulin is classified into
three types based on the rate at which they arabokted by the body. They are

rapid acting insulin, intermediate acting insulirddong acting insulin.

The discovery of insulin was initially thought tepresent a cure for the
disease; a concept that remains common among thdamiliar with the disorder.
However, this is not the case. Acute morbidity amatality as well as a series of
chronic complications still occurs (Podat al, 2000). The risk of severe
hypoglycemia limits the chance of the patient aahig euglycemia with insulin

therapy.
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Table 2.1Mechanism of action of oral hypoglycemic drugs

Drug

Mechanism of action

Side effects

o-Glucosidase
Inhibitors (acarbose,
miglitol, voglibose)

Reduces glucose absorbance
acting on small intestine to cau
decrease in production of enzym
needed to digest carbohydrates

yatulence
sédbdominal bloating
es

Insulin Sensitisers-
Thiazolidinediones
(Pioglitazone,
Rosiglitazone)

Reduce insulin resistance

Fluid retention
weight gain

Insulin Sensitisers

Acts on liver to cause decrease

iNausea, Diarrhea

Biguanides insulin resistance Anorexia, Lactic
(metformin) acidosis

Insulin Secretagogues Stimulate insulin release hyLate hyperinsulinem
Sulfonylurea pancreatig cells hypoglycemia and
(glyburide, glimepiride, weight gain

glipizide)

2.4.3 Pancreas transplantation

Pancreas is a gland organ in the digestive and ceingo system of

vertebrates. The pancreas is located deep in tthenadn, sandwiched between the

stomach and the spine. The endocrine portion wtichprises islets of Langerhans

produces several hormones mainly insulin whose ilk® regulate absorption of

glucose into cells.

The goal of pancreas transplantation is to safetyore normoglycemia by

providing sufficients cell mass and the improved glucose control coettlice the

long-term complications of insulin-dependent dialsetThe first attempts using

sheep xenografts without immunosuppression wasrteghas failure (Williams

1894).

The first clinical

pancreas transplantatiovas

attempted in 1966

simultaneous with kidney transplantation in a ucendiabetic patient at the
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University of Minnesota, (Kellet al, 1967). The initial pancreas graft and patient
survival rates were dismal but increased dramd#fidal the 1980s. Patients are
eligible for a pancreas transplant if they haveaocg at high risk of secondary
complications of diabetes, have disabling or Ifesatening hypoglycemic
unawareness, or are likely to develop these andiualged to be fit enough to
survive the operation. Immediate complications tbah occur with all types of
pancreas transplant include rejection, thrombogiancreatitis, and infection.
Pancreas transplantation is now performed as amsotreatment for uremic diabetic
recipients of kidney transplants, either simultarsdp or after the kidney transplant.
Such patients are obligated to immunosuppressidn &ith a successful pancreas
transplant, can achieve insulin independence asasel dialysis free state. The use
of lifelong immunosuppressive drugs and the segb@tage of donor organs are

the limitations of pancreas transplantation.

2.4.4 lslet transplantation

Islet transplantation has also evolved as a thetapapproach for improving
glycometabolic control in type | diabetic patientSigure 2.2). Primitive islet
transplantation as a treatment for diabetes wast eported in Bristol (U.K.) in
1894, where portions of a sheep pancreas waspteamied subcutaneously into a
15-year-old boy suffering from diabetic ketoacidogWilliams, 1894) without
immunosuppression and the result was graft rejectiater islet isografts from
normal rats were reported to reverse streptozotociuced diabetes in rats

(Ballinger and Lacy, 1972).
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Figure 2.2Procedure for islet transplantation-The islets frdonor pancreas are transplanted into

recipient’s liver through hepatic portal vein

The first attempts at allogeneic islet transplaominto humans emerged
during the late 1970s. In its early days the pracedemained largely unsuccessful,
later by 1980s successful transplantation of at elograft was reported in human
(Largiaderet al, 1980). Liver was considered to be the best intpl#on site for
islet transplantation and in humans; this could dmhieved by percutaneous
transhepatic intraportal injection, making it anasive procedure (Alejandet al.,

1987).

With introduction of the automated method for humslet isolation, the
panorama of islet transplantation changed dramibti¢Ricordi et al, 1988). The
cell yield after isolation increased significantlging this procedure and along with
the use of conventional immunosuppression, allogesket transplantation became

successful in patients with type 1 diabetes (Sclearpl, 1990, Warnoclet al,
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1991) with achievement of insulin independence fommonth following islet
transplant. It was reported in islet autografts 85,000 islets were sufficient to
establish insulin independence (Pyzdrowski al, 1992). Later, an insulin-
independence rate of 74 percent was achieved tvaos yafter autologous islet
transplantation in 14 patients who had undergote# pancreatectomy and who had
received a portal-vein infusion of more than 300,3ets (Wahofkt al, 1995). In
some cases, islet cell function for more than Gs/eas been reported (Alejandrb
al., 1997). However, the need for intense immunoseggion to prevent graft
rejection has, limited this approach to patient®wahe already immunosuppressed
either for a previous organ graft or because oukameous kidney transplantation.
The immunosuppressive regimen itself limited susgessome cases, because most
protocols use agents that inhibit islet cell fuoctior induce peripheral insulin

resistance (Zenet al, 1993).

Encouraging results were obtained from Edmontonumgrovhere large
amounts of islet cells from cadaveric pancreasaswiere not HLA matched were
transplanted, with the avoidance of corticosterorde seven patients with type 1
diabetes who had multiple hypoglycemic episodesrmontrolled diabetes despite
compliance with the prescribed insulin treatmenha@ro et al, 2000). The
immunosuppressive regime was steroid free, congistf dacluzimab [an anti-
CD25mAb (monoclonalantibody)], antirejection drugobmus and low-dose of
calcineurin inhibitor tacrolimus. The islets wereepared in the absence of
xenogeneic proteins using human albumin instead bo¥ine albumin and

approximately 10000 IEs (islet equivalents)/kg ofdp weight was the minimum
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islet transplant administered to each patientnoftéministered as two or sometimes
three infusions from sequential donors. Islet geltoffers several advantages which
include ensuring the quality of islet preparatibmslecrease immunogenicity of the
allograft tissue and also allowing additional tifioe subject preparation, possible
pre-transplant interventions and the opportunitysh@ processed islets to remote

sites for transplantation (Gossal, 2004).

With recent improvements to the initial Edmontonotpcol and the
immunosuppressive cocktail, insulin independence ihareased to 5 years post-
transplantation in 50% of patients (McCall and Stm|gp2012, O’Connellet al,
2013).While significant progress has been madeh@islet transplantation field,
many obstacles remain that currently prevent itdespread application. Persistent
hurdles include the need for multiple donor panereto achieve insulin
independence, procedure-associated complicationgerfect immunosuppressive
regimens; lower rates of insulin independence awss$ lof function over time
(Hirshberget al, 2003). The decreased function and survival afidplanted islets
are mainly due to the lack of extracellular matind vasculature disrupted during
isolation procedures. These hurdles limits theiagpllity of islet transplantation to
only the most severe cases of type 1 diabetes, hichwpatients having severe
problems with hypoglycemia or are unable to achiaveeptable glycometabolic

control, despite implementing intensive insuligirmens (Ryaret al, 2002).
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2.5 Alternative cell sources for islet transplantation

The results from islet transplantation demonstrétetl a cure for diabetes is
possible through replenishment of thecell mass. Several alternative forms of
insulin-secreting tissue have been suggested tstiute human islets vig cell-
replacement therapy (Rieekt al, 2012, Tituset al, 2000). One possibility is the use
xenogenic islets and research focus has restecommng islets (Kinet al, 2005,
Dufrane and Gianello, 2012) which could be an idslgt source, since pigs are
physiologically similar to humans, breed rapidlydaproduce large litters. In
addition, neonatal islets have the potential bérafiproliferation however many
obstacles remain, which include its antigenicityirgyvto the presence of-
galactosyl antigen, zoonotic infections and theuatlnce of patients towards
xenotransplantation (Deschamgisal, 2005, Rioset al, 2004). Another approach
currently being explored is generation of insulmegucing cellsin vitro, either by
genetic engineering of cells (Ravassaret al, 2011) or by utilizing various
potential cell precursor cells (Guat al, 2001) or stem cells (Hebrok, 2012), with

the ability to growin vitro and to differentiate intg cells.

Stem cells with the potential to differentiate intwsulin-producing cells
include pluripotent stem cells (embryonic stem elJaramilloet al, 2014),
induced pluripotent stem cells (Takeuetial, 2014), as well as multipotent (adult
stem cells) from various tissues including the peas (Zulewsket al, 2001), liver
(Yanget al, 2002), bone marrow (Xiet al, 2009) and adipose tissue (Karabal.,

2013)
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2.5.1 Embryonic stem cells

Embryonic stem cells (ESC) derived from inner cedss of pre-implanted
blastocysts can differentiate into a wide varietycell types (Martin, 1981). The
predominant characteristic of ESC include its &piio self-renew and the potential
to differentiate into all embryonic cell types, @ndh vivo andin vitro conditions
(McKay, 2000).The pluripotent nature and the ur@diexpansion potential make
ESC an attractive source for cell replacement thesa Although several
researchers have attempted to generate cells wtie $evel of insulin production
from mouse (Soriat al, 2000, Lumelskyet al, 2001) monkey (Lesteat al, 2004)
and human (Assadet al, 2001, Segewet al, 2004) none of the studies has
confirmed thein vitro functionality of § cells that can secrete physiologically
sufficient amounts of insulin in response to gllec@Basfordet al, 2012, Van Hoof
et al, 2011). One of the reasons for this failure &sfict that although pancreafic
cells are the main source of insulin productiormammals, they are not the only
cell type that can synthesize and release ins0Oliner insulin-producing cells can be
found in yolk sac, fetal liver, and certain neurocell types (Devaskaet al, 1994)
which expresses several other genes in commontmigy cells, and & cell type
specific profile has therefore been difficult tofide. Earlier nestin was used for
positive selection of endocrine progenitor cellsyéBczuket al, 2003), but later it
was proven to be marker for neural and pancreatcree progenitors (Delacoet
al., 2004). The ESC became a potential source foergéing S like cells by
exploring the signals that regulated embryonic eledm and pancreas formation

(D’Amour et al, 2006, Kroonet al, 2008). The ESC differentiated inghcell
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precursors, characterized by transcription factedsl (Pancreatic and duodenal
homeobox 1) and Nkx6.1, that are criticali@ell development and maturation,
have shown promisen vivo. When implanted into immunodeficient mice, these
precursor cells were shown to mature into functiopecells and reverse
hyperglycemia (Schulzt al, 2012). The obstacles that remains challengirg th
application of ESC derived islet cells include krsf teratocarcinoma formation,

immune rejection and social/legal/ethical issues.

2.5.2 Induced pluripotent stem cells

Induced pluripotent stem cells (iPSC) are pluripbieells that are generated
directly from adult cells by introducing a speciet of pluripotency-associated
genes, or “reprogramming factors” (Yamanaka, 20E2)v studies were carried out
on deriving insulin producing cells from iPSC. Humenduced pluripotent stem
cells (hiPSC) were differentiated to insulin proihgccells by using a combination
of activin A and retinoic acid. More than 10% ogtbells became insulin positive
and differentiated cells secreted human C-peptideiGadaet al, 2012). Murine
and rhesus monkey derived iPSC differentiated peaticr precursor cells were
found to reverse diabetes in immunodeficient mitteraa month long maturation
periodin vivo (Jeonet al, 2012, Zhuet al, 2011) The safety issues regarding the
use of IPSC generated by viral mediated systemslidto@ further investigated prior

to clinical application since they may activateatetl oncogenes (Yat al, 2013).
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2.5.3 Adult stem cells

The potential use of adult stem cells offers theaathge of an autologous
model whereby a patient’'s own cells can be usestetly circumventing immune

rejection.

2.5.3.1Pancreatic stem cells

Regeneration of pancreatic tissue, inclugirgell mass, has been reported to
occur in adult rats subsequent to a 90% pancreatgc(Bonner-Weiret al, 1993).
However, the origin of news cells, whether derived from mitotic division of
existings-cells or from the differentiation of pancreatierst cells is controversial.
Genetic lineage tracing studies have demonstrédtad éxistingpg-cells are the
primary source of news-cells in vivo, although other studies have also found
evidence of the involvement of pluripotent stemiscah S-cell regeneration. The
studies have reported that in mice, pre-exisithigells retained a proliferative
capacity which represents the major source of fi@ells in adult life (Doret al.,

2004).

Stem/progenitor cells which have the ability tofeliéntiate into insulin-
producing cellsn vitro and/orin vivo were described in pancreatic islets (@tal,
2001, Abraham et al., 2002), pancreatic ducts (Boideir and Sharma, 2002,
Katdare, 2004), pancreatic acinar cells (Minahial, 2005) and within adult or
fetal pancreas (Ramiyat al, 2000). In the case of acinar cells a de-diffeation

occurs first followed by re-differentiation inthcells.
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2.5.3.2 Mesenchymal stem cells

Mesenchymal stem cells (MSC) are multipotent prageicells found in the
perivascular spaces of many adult tissues whicle itz ability of self renewal and
differentiation to various lineages (Hemadtial, 2013, Uccelliet al, 2008). Stem
cells with the potential to differentiate into itisgproducing cells have been also
reported in liver (Sapiet al, 2005), central nervous system (Hetial, 2005),
placenta (Kadam and Bhonde, 2010), dental pulp if@@asamyet al, 2011) and

bone marrow (lanust al., 2003).

The MSC from human bone marrow and adipose tisspeesent a very
similar cell population with comparable phenotygkse et al, 2004). The MSC
from mouse and rat bone marrow cultured under blghose condition along with
S cell stimulating growth factors transdifferentitéo insulin producing cells,
capable of expressing pancreaticell genes, including insulin, GLUT2 and Pdx-1
in vitro were shown to reverse hyperglycemia in an anin@lehof diabetes (Tang
et al, 2004). Human bone marrow MSC differentiated linsproducing cells upon
genetic manipulation by viral transduction werewhdo express low levels of islet

transcription factors (Moriscat al, 2005, Milaneset al, 2012).

The studies with streptozotocin-induced irradiateide have demonstrated
that immunosuppressive properties of MSC contribides cell regeneration.
Moreover, MSC had significantly suppresggedell specific T-cell proliferation in
pancreas, thereby shielding ngocells from destruction by T-lymphocytes thus,
overcoming the inherent autoimmune pathology aasediwith type 1 diabetes

(Franqueseat al., 2012).
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Human adipose stem cells were shown to differentist pancreatic
endocrine characteristics when treated with paticresxtract. The study also
demonstrated that human adipose stem cells exp®8smarkers including OCT-
3/4, Nanog, and REX-1 that also have the potetdidifferentiate into pancreas cell
lineages (Leet al, 2008). Differentiation of stem cells towards dtianal islet like
cells with the potential to secrete insulin in @3pe to various glucose
concentrations is challenging. Though human urmddileord blood stem cells were
differentiated to insulin producing cells; they warot able to respond to glucose
challenge (Gacet al, 2008). The functionality of islet like cell chess from
wharton jelly stem cells through stepwise culturingheuron-conditioned medium
were demonstrateih vitro andin vivo. These islet-like cell clusters were shown to
have human C-peptide and secrete human insulinesponse to physiological
glucose levels (Chaet al, 2008, Kadam and Bhonde, 2010). The potential of
human adipose stem cells were exploited to difteme:n towards physiologically
competent functional islet like cell aggregates stage specific differentiation
protocol (Chandreet al, 2011). The ease in availability, autologous seuand
abundance of adipose tissue makes it an attractargdidate for generating

alternative islets for cell replacement theraptype 1 diabetes.

2.6 Role of endothelial cells in pancreatic islet funan

Pancreatic islets are one of the most vascular@gdns, having a blood
perfusion of about 10% of that of whole pancre&spite representing only 1% of
the gland; this reflects high exchange demand with endocrine cells, and high
metabolic supply. Experiments on early pancreatieetbpment demonstrated that
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blood vessel endothelium in the dorsal aorta pewithductive signals for the
differentiation of the primitive endoderm into isleells (Yoshitomi and Zaret,
2004). A successive study on pancreatic organogeres shown that aortal
endothelial cells induce the expression of panmrénscription factor Ptfla, in the
dorsal pancreatic endoderm which is essentialferdevelopment of endocrine and

duct cell lineages.

A two step-model for islet development has beemgsed: the first step
involves signals from the endothelium to the paaticeepithelium; the second
involves signals in the opposite direction, witleis expressing VEGF-A (Vascular
endothelial growth factor) at later stages of tliEwvelopment to attract capillaries
(Figure 2.3) (Konstantinova and Lammert, 2004). \WEGignaling profoundly
affects both vascularization and innervation of pla@creatic islets. In addition the
endocrine cell-derived VEGF directs the patternoigntra-islet capillaries during
embryogenesis, forming a scaffold for the postnaigdowth of essential autonomic

nerve fibers (Reinedt al, 2014).
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PANCREATIC ISLETS . ENDOTHELIAL CELL

Role in

insulin secretion,
blood glucose sensin:
islet vascularization

Figure 2.3Schematic representation of cross talk betweetsialed endothelial cell. Islets secrete
VEGF A which binds to its receptors on endothealills thereby enhancing islet vascularization,
basement membrane formation and helps in bloodgiisensing. Endothelial cells also play an

important role in enhancing islet cell function.

Intra-islet endothelial cells are fenestrated, #m&l density of the capillary
network in the islets is ~10 times higher than tbhtthe exocrine tissue. Islet
endothelium is crucially involved in fine-tuning dold glucose sensing and
regulation. Besides providing oxygen and nutriettsthe endocrine cells, islet
endothelium is in fact involved in the trans-endditl rapid passage of secreted

insulin into the circulation.

27



Arxteriole

Figure 2.4 Morphology of pancreatic islet vasculature showéagillaries interspersed
between beta islet cells.

Pancreatic islets have a dense capillary netwoigu(E 2.4) which is
important for islet cell differentiation, maturatiofunction and survival (Lammeegt
al., 2001).Deletion studies indicate that VEGF-A asponsible for this dense islet
vascularization, being more expressed in the emumc¢han the exocrine pancreas
(Henderson and Moss, 1985). Pancrefticells express high levels of VEGF-A
regulating vasculogenesis, the process of formattbmew blood vessels from
endothelial cells. The VEGF-A bind to endotheldlls via VEGF receptor2
(VEGFR2) thereby forming vascular network withirtets. Theg cells sequester
VEGF-A to regulate microvessel permeability andliiate rapid uptake of released
insulin into the blood (Kurodat al, 1995). Another study indicated that mice with
S cell reduced VEGF-A expression show impaired gbgestimulated insulin

secretion, related to vascular alterations of glets (Brissoveet al, 2006). Islet
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endothelium is also involved in the activities afdethelial nitric oxide (NO)
synthases, forming the vasoactive mediator NO, whie specifically regulated by
the glucose level (Kolb and Kolb-Bachofen, 1992s@weket al, 1994). In addition,
islet EC express genes encoding for a number oérotfhctors involved in
angiogenesis, including potent pro-angiogenic fagtosuch as VEGF, and
angiostatic factors, such as endostatin and pignegthelial-derived factor

(Lammertet al, 2001).

The vascular endothelial cells are also responsibiesynthesizing the
intraislet basement membrane comprising of laminoilagen 1V and fibronectin
which are essential for proper functioning of paatic islets (Lammeret al,
2003). The signals from vascular basement membremely laminins are known to
enhance insulin gene expression in pancreatoells. The basement membrane
proteins has shown to enhance insulin gene expressicell proliferation and
insulin secretion via interaction with integrfil subunit with variousn chains

(Nikolovaet al, 2006).

One of the main factors limiting the success ddtistansplantation is slow
rate of revascularization. When avascular isletsteansplanted they depend on the
host vasculature and even after 1 month completascelarization could not be
achieved which subjects islets to chronic hypoxia @&schemia (Kurodaet al,
1995). Survival and function of transplanted isldegpends upon the extent and
period of revascularization, which usually occunshia 12—-14 days (Jansson and
Carlsson, 2002), yet the new vascular supply tdtegtaslets is significantly less

than native pancreatic islets and has lower oxydgension than normal
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islets(Mattssoret al, 2002, Carlssomt al, 2001). Enhanced revascularization of
islets immediately after transplantation may overeothe challenge of poor islet

survival and function.

On anin vivo study involving transplantation of freshly isoldteouse islets
under kidney capsule, donor endothelial cells wsrewn to participate in early
process of vessel formation contributing to revém@ation of fresh islets, however
neither the vascular density nor the endocrine tftanovere improved (Nyqviset
al.,, 2011). Various approaches have been suggestezhiltance the process of
revascularization of transplanted islets. Certaowgh factors secreted by islet cells
as well as fibroblast growth factor and endotheatel growth factor, are suggested
to increase neo-vascularization by attracting emel@tl cells at the transplantation
site. Another approach involves the use of angimgéactors such as VEGF-A,
angiopoeitin-1 or inhibiting angiostatic factorsa{let al, 2005). To increase the
VEGF-A at the site of transplantation, VEGF prodwgciransfected EC were co-
transplanted along with the islets (Zhastaal, 2004). Thes cells producing VEGF-
A or islets with transient VEGF expression alsonpoted revascularization and

prolonged islet survival after transplantation (&faget al, 2004).

Another study demonstrated that controlled productiof VEGF by
transfected EC immediately after transplantatiomgse beneficial than continuous
VEGF producing EC as the uncontrolled VEGF secretcan lead to tumor
formation (Matheet al, 2006). Though, VEGF can enhance the process of
revascularization, it is also essential to mainthi@ pool of intra-islet EC before

transplantation (Olsson and Carlsson, 2005).
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Establishment of new vasculature in grafted isleas shown to arise from
intra-islet EC, recipient EC or bone-marrow derivagls. In anin vitro system,
purified islet EC was shown to stimulgtecell proliferation, through secretion of
hepatocyte growth factor (HGF). The VEGF-A and Imsware the islet-derived
factors that induce HGF secretion. The vivo experiments, using pancreas of
pregnant rats in which a high physiological probtgon of # cell occurs, showed
prominent expression of HGF, coinciding with thealpeof § cell proliferation

(Johanssoet al, 2006).

The in vitro studies on .co-transplantation of endothelial prowr cells
(EPC) derived from cord blood cells and islets halmwn to enhance islet
engraftment in islet transplantation. Furthermor®CE co-transplanted islets
accelerated the rate of revascularization at thg seage of transplantation (Kamg
al., 2012). Another approach involves coculture of@®&d EC with islets before
transplantation, which enhances vessel formatiah ramascularizatiom vitro. In
this approach islets were coated with bone marr@ivedd MSC and dermal
microvascular endothelial cells which resulted niigration of endothelial cells
within and around the islets thus facilitating moressel formation and better

vascularization of islets (Johanssztral, 2008).

Thein vivo studies have demonstrated that co-transplantafiddSC with
transplanted pancreatic islets is more effectivih wespect to pancreatic islets alone
in ensuring glycemic control in diabetic rats. TM&C were both able to prolong

the survival of pancreatic islets, as well as diyedifferentiated into “insulin-
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releasing” phenotype thereby potentiating panareasiets functionality and

feasibility (Scuteret al, 2014).

In another approach, islet survival and graft eftigrant was improved by
co-culturing mouse islets along with human derntabblasts and human umbilical
vein EC on a poly (lactide-co-glycolide) (PLGA)-pdl-lactic acid (PLLA) 3D
scaffold. Moreover gene expression profiles of ¢heltal cell growth factors, ECM
and islet specific markers were also significartigher on 3D culture (Kaufman-

Franciset al, 2012).

2.7 Tissue engineering approach to enhance Islet
microenvironment

Pancreas organogenesis is an interactive procesghich tissues from
different germ layers secrete and respond to grosimals. Duringin vitro
differentiation, cells are grown in 2D cultures amnolayers. Therefore, 3D
interactions between cell types as they occur durghet formationin vivo are
lacking (Nyitray et al, 2014). In addition, the destruction of the islet
microenvironment and the loss of supporting matha&t occur during isolation,
purification and in the pre-transplant culture pdrisubject the islets to a cellular
stress. The lack of cell-cell interaction and optirmicroenvironment results in
impairedp islet function and survival (Bissetdt al, 1982, Alismail and Jin, 2014).
To overcome the present limitations, tissue engingepproach has evolved which
utilizes the principles of life science, enginegremd material science, using living
cells manipulated through their extracellular eorment to develop biological

substitutes for implantation into the body to eitmepair, replace or to restore
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tissue/organ function (Langer and Vacanti, 1993sde engineering approach has
the potential to overcome many of the shortcominfghe Edmonton protocol
leading to increased longevity of islet transpléotes (Ameret al, 2014). Cells,
scaffolds and signaling cues are referred to asigisengineering triad, the key
components of engineered tissues (Figure 2.5).cbheept of scaffolding in tissue

engineering is to mimic the functions of native ECaMl least partially (Salvatoet

al., 2014).
o ‘00;
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cells biomaterial  growth factors Tissue egineered_
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Figure 2.5Key components of Tissue Engineering. Cells, biemalt scaffold and growth factors are

known as the tissue engineering triad.

2.7.1 Extracellular matrix and its role in islets

The importance of matrix on pancreatic islet céfiedentiation, attachment,
and proliferation was first realized in the earl980s (Thivoletet al, 1985).
Extracellular matrix the most important componeinthe islet microenvironment is
a solid matrix made up of a complex mixture of céwydrates and proteins whose
role is to act as a cellular scaffold providingustural support and physical

environment for cells residing in the tissue t@eltt grow and migrate. The ECM
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may provide bioactive signals which are importamtgancreatic islet development

and function (Jiang and Harrison, 2002, Heetell, 2003).

Adult human islets are encircled by an incompletpstle namely peri islet
comprising of a single layer of fibroblasts andl@agén fibers. The peri islet capsule
is in close proximity to an additional layer of matproteins known as peri insular
basement membrane (BM) (Meyaral, 1998a) (van Deijneeat al, 1992). The BM
is mainly composed of laminin (Banerjeeal., 2012) and collagen (Col) IV (Jiang
et al, 1999, Meyeet al, 1998b) however, fibronectin (Leiét al, 2007), Col I, Col
lll, Col V, Col VI (Van Deijnenet al, 1994) nidogen and proteoglycans has also
been reported (Gobt al, 2013). The ECM composition varies between spgecie
Collagen fibers have great tensile strength thatombdy provide structural support
for cells internally and externally, but are alsmuired for cell growth, adhesion,
migration, differentiation, morphogenesis, and ipjtepair. Although Col IV have
shown to promote the survival of intact islets witempared to collagen | (Pinkse
et al, 2006), another study has shown it to decreasdimproduction and secretion

in purified s-cells (Kaidoet al, 2006).

Table 2.2The extracellular matrix components of islet caltgl its specific integrin
receptors (Chenet al, 2011)

Extracellular matrix of Integrin
islets
Collagen alpl, 0261, 01081, allpl
Laminin alpl, 0261, 0381, a6, a7p1, a9h1, avh3 avpb avp8,
a6p4
Fibronectin a3p1, 04p1, a561, adf7, a8h1, avhl, avh3, avps, avpe,
allbp3
Nidogen/Entactin a361, avp3
Vitronectin avpl, avs3, avps, allbf3
Perlecan a2l
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Several studies have reported that the ECM proteiediates cell function
via integrin receptors (Table 2.2) which resultsimereased insulin production
(Boscoet al, 2000) and decreased apoptosis (Hamehal, 2004). Integrins are a
diverse class adf heterodimeric receptor proteins through whichsceiteract with
matrix proteins like collagen, fibronectin and lami mediating cell adhesion
(Juliano and Haskill, 1993). The integrins predcaminin islets are3, o5, av and
S1 (Wanget al, 1999). There are studies demonstrating the pcesefavp5, avs3
and A1 integrins in developing islets (Cirulgt al, 2000). Most of the integrin
receptors of islets have affinity to bind RGD (Arigie-Glycine-Aspartic acid)
motif. The absence of integrin mediated signals $la@wn to trigger apoptosis
through activation of stress activated protein &nalNK (c-Jun-Nktterminal

kinase) (Meredith Jr and Schwartz, 1997).

The ECM has also proven to play an essential rolenaintaining the
differentiated state of cells (Lin and Bissell, 399ntegring1-ECM interactions are
important for promoting islet survival, maintaininglet structural integrity and

enhancing glucose stimulated insulin secretion (§\&ral, 2005).

2.7.2 Scaffolds and islets

Exact duplication of the ECNh vivo would be the ideal microenvironment
to culture islets, but the complexity of the ECMisghets makes this challenging.
Both biological and synthetic scaffolds have besadufor islet tissue engineering
including collagen, fibrin glue, MatrigelTM, algitea polylactic-co-glycolic acid

(PLGA), polyglycolic acid (PGA), and polycaprolanta Collagen matrix cultured
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with dissociated pancreatic islet cells underweassociation to mimic their precise
topographical distribution in rat isleia vivo (Montesanoet al, 1983). Porous
scaffolds can facilitate efficient human islet splantation and provide a platform

for modulating the islet microenvironment (Gildyal, 2013).

Another group conducted a co-culture study of déts and collagen
hydrogel mixture comprising of collagen type | mixeith collagen type lll, type
IV, and laminin. In the co-culture group viabiliof islets were enhanced but there
was no significant increase in the expression oNARevel of insulin, glucagon,

and somatostatin (Nagagaal, 2002).

Mouse islets cultured in collagen type | matrix pigped with fibroblast
cells was shown to improve islet viability and ftinoo post transplantation in mice.
The composite scaffold reduced the critical isleisewrequired for diabetes reversal
by half and enhanced islet cell proliferation (Ja&t al, 2011). Rat islets cultured in
polyglycolic acid (PGA) fibrous scaffold for 5 dagransplanted into the leg muscles
of streptozotocin-treated diabetic Wistar rats raired the blood glucose
concentration by secreting insulin. The isletsaaffold were found to be superior in

function and morphology (Hoet al, 2009).

Human islets were cultured on different ECM compuaseéamely collagen |
and IV, fibronectin, and laminin to study its adiees survival, and functionality.
The results demonstrated the importance of integediated effects and behaviour.
Collagen 1I/IV and fibronectin were found to induistet cell adhesion, whereas
fibronectin played role in maintaining islet stucl integrity and insulin content
distribution however, in long term culture isletgoiotype was gradually lost. The

36



insulin gene expression and glucose metabolism hgtsest in islets cultured on
collagen | and IV in contrast; insulin release waghest on fibronectin. Taken
together, the findings suggest that various ECMemns have its own individual
role in eliciting diverse islet responses and integiediated behaviour (Daouet

al., 2010).

Another group demonstrated the formation of namo;tipoly (ethylene
glycol) (PEG)-rich functional coatings on individugslets via layer-by-layer
assembly technique. The islet surface was modifieih biotin-PEG-N-
hydroxysuccinimide (NHS) and further covered byegtavidin and biotin-PEG-
peptide conjugates. Glucagon-likepeptide-1, anlimstropic ligand was conjugated
to biotin-PEG-NHS. Surface modified islets funcadimed with PEG conjugate
were capable of secreting more insulin in respaadegh glucose levels compared

to control islets (Kizilekt al, 2010).

A peptide amphipile nanostructured gel-like struetuvas engineered
comprising of cell adhesion binding domain, Argei@lycine-Aspartic acid (RGD)
and Matrix metalloproteinase- 2 (MMP-2) cleavablequences to impart
degradation. Rat pancreatic islets encapsulatétese hydrogels, had higher insulin
secretion and viability when compared to suspensiahlure. After 14 days,
nanofiber encapsulated islets remained insulin tpesiand released insulin in
response to glucose stimulation, while those cettun suspension were weakly
insulin positive (Limet al, 2011). A novel saccharide-peptide hydrogel wias a

developed wherein encapsulated rat islets remairedde up to four weeks, while
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the unencapsulated islets were mostly non-viabtel@st their 3D morphology after

two weeks (Liacet al, 2013).

A biomimetic hydrogel was designed using immobdizecell-cell
communication cues to enhance the survival andtiifumof encapsulated pancreatic
[-cells to treat type 1 diabetes. The pancrgatell lines when encapsulated in poly
(ethylene glycol) (PEG) hydrogels, their survivaldaglucose responsiveness to
insulin were highly dependent on the cell-packieggity. The thiolated EphA5-Fc
receptor and ephrinA5-Fc ligand were conjugated PEG hydrogels via a thiol-
acrylate photopolymerization to render the hydrogelactive.Along with cell-
adhesive peptides, the immobilized fusion protdiaghA5-Fc and ephrinA5-Fc)
synergistically increased the survival of panciegticell lines (Lin and Anseth,

2011).

Mouse islets co- encapsulated with ECM proteindiggen IV and laminin)
and mesenchymal stromal cells were cultured inlsjitirogel for 7 days. The islets
encapsulated with collagen 1V, or laminin had ims@d insulin secretion at day 2
and day 7 respectively. In addition, 3.2-fold irased insulin secretion was
observed in islets co-encapsulated with stromds cahd ECM proteins. An up
regulated expression of functional genes namelylimg, insulin II, glucagon,
somatostatin, and PDX-1, and down regulation ofdbdifferentiation genes like
cytokeratin 19 and vimentin were observed in cattra the non-encapsulated islets

(Daviset al, 2012).

A biostable, macroporous scaffold fabricated frootyfdimethylsiloxane)
(PDMS) was investigated for its application in fisliéssue engineering. The
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metabolic function and glucose-dependent insuloregmn of islets from multiple
sources including rodents, nonhuman primates, amdahs within these scaffolds
were studiedn vitro. Islets loaded within PDMS scaffolds exhibitedbiigy and
function comparable to standard culture conditizdien incubated under normal
oxygen tensions, but displayed improved viabiligmpared to standard 2D culture
controls under low oxygen tensions. Tihevivo efficacy of scaffolds to support islet
grafts was evaluated after transplantation in theemal pouch of chemically
induced diabetic syngeneic rats, which promptlyi@ad normoglycemia (Pedraza
et al, 2013). Later a combination of fibrin-based pmiagenic hydrogel having
platelet derived growth factor and major integrimding sites loaded within a
macroporous poly (dimethylsiloxane) (PDMS) scaffoldas used for islet
transplantation. The results showed that thereangsignificant decrease in the time
required to achieve normoglycemia for syngeneic seoislet transplants. Mature
intraislet vessels were observed and the hydrogekitively influenced the

efficiency of engraftment (Bradst al, 2013).

The effect of substrate architecture on insulinarganization and function
was studied by culturing insulinomas on 2D gelatibstrates and 3D fibrous gelatin
scaffolds with three distinct fiber diameters andef densities. Small, closely
spaced gelatin fibers promoted the formation ajdéarounded insulinoma clusters,
whereas monolayer organization and large fibersygmted cell clustering and

reduced glucose-stimulated insulin production (B&eneet al, 2014).

The current review highlights the importance of fletd matrix and

endothelial cells in development, maturation andcfion of pancreatic endocrine
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lineage specifi@ cells. Based on the literature review, the presgmk aims toward

formation of glucose responsive functiopaislet cells from adipose stem cells. In
the present study we attempted co-culture of sthdiferentiated islet cells along
with EC on a scaffold matrix to mimic the nativecnomenvironment of pancreatic

islets for prolonging the survival and enhancirsgfutnction.
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CHAPTER 3

MATERIALS & METHODS

3.1 Isolation and characterization of cells

The islet cells were isolated from rabbit pancrand characterized. Stem
cells isolated from rabbit and human adipose tsswere also characterized.

Endothelial cells were isolated from human umbilicgin and characterized.

3.1.1 Isolation and characterization of rabbit islets

3.1.1.1Isolation of rabbit islets

Pancreata were obtained from cadaveric rabbits (Keatland white) after
approval from Institutional Animal Ethics CommittdAEC). The pancreatic tissue
was digested using 1 mg/ml collagenase V (Sigmad)$ 37C for 10-15 minutes
in an orbital shaker (Shewads al, 1999). Islet cells were purified using Ficoll
(Sigma, USA) (Scharget al, 1987)) method and the purity was assessed using

dithizone (Sigma, USA) stain (Latft al, 1988).

3.1.1.2Diphenylthiocarbazone staining for rabbit islets

Dithizone (DTZ) (Sigma, USA) stock was preparedaatoncentration of
39mM in Dimethylsulfoxide (Sigma, USA) and storedeBy at -15'C. Dithizone
working solution was prepared fresh by mixing 10@iZ stock, 10ml Krebs
Ringer Bicarbonate HEPES (KRBH) buffer (Appendix1A- Rabbit islets were

washed with Dulbecco’s Phosphate Buffered SalinBSjP(Gibco, USA) and
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incubated with filtered DTZ working solution for 2@inutes at 3%C. The stained

islets were observed with phase contrast microsfiogiea, Germany).

3.1.1.3Immunocytochemistry of rabbit islets

The isolated islets were used for immunocytochehstadies. Islets were
washed with PBS and fixed with 4% (w/v) parafornedlgde (Lab Rasayan, India)
for 20 minutes at room temperature. After severashing with PBS, cells were
permeabilized with chilled methanol (Spectrochemgdid) for 20 minutes.
Permeabilization was done for visualization of aetllular antigens. Two percent
(w/v) bovine serum albumin (BSA) (Sigma, USA) wased as the blocking agent.
Islet cells were incubated for 1 hour with the daling cell specific primary
antibodies: anti rabbit —insulin (Abcam, USA), dgligon and somatostatin
(Dakocytomation, Denmark). After several washinghwRBS, cells were incubated
with Fluorescein isothiocyanate/Phycoerythrin (FIFE) labeled secondary
antibodies (Santa Cruz Biotechnology, USAhe cells were counterstained with

Hoechst stain (Sigma, USA).

3.1.2 Isolation and culture of rabbit adipose stem cells

Three to seven months old New Zealand white rabbése chosen for the
experimental study. The animal was anaesthetizeldaaminor incision was made
on the supra scapular region. Subcutaneous fatetigapproximately 2g) was
surgically removed under aseptic condition andeodéld in PBS (Gibco, USA) with
10X antibiotic and antimycotic. Fat tissue was veskithree times with PBS and

suspended in an equal volume of PBS containingo@dllagenase type Il (Sigma,
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USA) and 1% (v/v) antibiotic-antimycotic (Gibco, By The tissue was placed in
an orbital shaker at 37°C with continuous agitatimm 30-45 minutes and
centrifuged for 10 minutes at 2500 rpm at room terafure. The pellet containing
cells were resuspended in maintenance medium ¢mgsisf Dulbecco’s Modified
Eagle Medium (DMEM HG, Gibco,USA) supplemented witf% (v/v) Fetal
Bovine Serum (FBS) (Gibco, USA) , 1X antibioticiamgcotic .The primary cells
were plated in cell culture flask (25 erask, BD (Becton Dickinson) Biosciences,
India) in a humidified atmosphere at’@7with 5% CQ. Medium changes were
done at 2 days interval. The cells were subculturedh 0.25% (w/v)
trypsin/0.038% (w/v) ethylene diamine tetraacetgEDTA) (Gibco, USA) and
seeded at a density of 2Xt8lls/cnf and cultured in the same conditions for cell
expansion. Morphology of cultured cells was obsérvey phase-contrast

microscope (Nikon, USA).

3.1.2.1Population doubling time

The time of population doubling (Td) for rabbit pdse stem cells was

calculated using the formula (Equation 1)

T xlog2

= Equation 1
logN, —logN,

d

T is the total number of hours in culture, No is thitial number of cells seeded
and N is the number of cells at time T. Doubling timesvealculated in cultures

until passage 10. Cells from passage 2-4 were thsedghout the study.
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3.1.2.2Cytoskeletal organization

The cytoskeletal organization of adipose tissudvddrcells was studied using
phalloidin stain. The trypsinized cells were seeded surface of tissue culture
polystyrene (TCPS) (BD Biosciences, India) diskl ab subconfluent stage fixed
with formalin free fixative (Sigma, USA) for 15 mites, permeabilized with 50%
(v/v) chilled methanol for 10 minutes and staingth FITC conjugated phalloidin
(Sigma, USA) for 30 minutes in the dark. Hoechsgif&, USA) counterstained
nuclei and FITC tagged actin filaments were obsttmvéh fluorescent microscope

(Leica, Germany).

3.1.2.3Immunocytochemistry and Flow cytometry

Immunostaining was performed on monolayer of adipoerived cells
grown on coverslips. Cells were washed with PBS fal for 20 minutes at 3T
in formalin free fixative (Sigma, USA). For visuadition of intracellular antigens,
cells were permeabilized with chilled methanol & minutes at €. Bovine
serum albumin (2% w/v) (Sigma, USA) in PBS wasduge the blocking agent. The
slides were then incubated for 60 minutes at roemmperature with different mouse
anti rabbit antibodies: vimentin (Santa Cruz Bibtealogy, USA), CD105-PE
(phycoerythrin) (Santa Cruz Biotechnology, USA), &ZBFITC (BD Biosciences,
India), CD45-PE/CD34-FITC (BD Biosciences, Indialror vimentin, FITC
conjugated secondary anti-mouse IgG antibody (S@ntia Biotechnology, USA)
was used. Hoechst (1@/ml) (Sigma, USA) was used to counterstain nucl@ire
coverslips were then mounted with fluorescent miogntnedium (Sigma, USA) and

viewed with a phase contrast fluorescent microsoyg@ca, Germany) via 20x
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objective lens and an appropriate filter. For imaypimenotyping by fluorescence
activated cell sorting (FACS), cells were detacheth trypsin-EDTA, washed in
PBS and stained with the following antibodies: vtne, CD105, CD44, CD34 and
CD45. Flow cytometry was performed using a FACS ilital (Becton and
Dickinson, USA) and for each measurement a totahber of 10,000 cells were

recorded.

3.1.2.4Induction of Adipogenic or Osteogenic Differentian

Cultured cells (2 x 10/ cnf) at passage 2-4 were incubated in adipogenic
differentiation medium (DMEM HG (Gibco, USA) suppiented with 10% (v/v)
FBS (Gibco, USA), 18 M dexamethazone (Sigma, USA), 0.5mM isobutylxarehi
(Sigma, USA), 50uM indomethacin (Sigma, USA) anttogenic medium (DMEM
HG supplemented with 10% (v/v) FBS, 1M dexamethazone(Sigma, USA),
20mM g glycerolphosphate (Sigma, USA), 50 ug/ml ascorBgpdosphate (Sigma,
USA)) for 21 days. Cells cultured in DMEM HG supplented with 10% FBS was
used as control and medium change done at an ahtefv2 days. Osteogenic
differentiation and adipogenic differentiation wassessed by Alizarin red (Sigma,
USA) /Von Kossa (Sigma, USA) and Oil red O (Sigrd&gA) stains respectively.

Control cells without differentiation stimuli wesadso stained in the same manner.

3.1.3 Isolation and expansion of human adipose stem cells

Fat tissue samples were collected from patientsnduipectomy/liposuction after
approval from Institutional Ethics Committee. Adgaotissue samples were washed

with PBS and digested using 0.075% collagenaseItywér) (Gibco, USA) for 30-

45



45 minutes (Zuket al, 2002). Fetal bovine serum (Gibco, USA) was adtted
digestion mixture and the cells were centrifuge@GA0 rpm for 10 minutes af@.
The pellet containing adipose stem cells were pEuded in expansion medium
comprising of DMEM-HG (Gibco, USA) supplemented lwit0% (v/v) FBS. The
cells were plated onto T25 culture flask at a dgnef 10" cells/cnf. Human

adipose stem cells from passage 4 were used thoatigie study.

3.1.3.1Cell Sorting

The adipose derived cells were sorted using magaetivated cell sorting.
The CD105 magnetic bead was used for positive s@hedviini MACS (Magnetic
activated cell sorting) MS column (Miltenyi BiotedBermany) was used along with
separation buffer comprising of PBS without calciamd magnesium along with
2mM EDTA (Invitrogen, USA) and 0.5% (w/v) BSA (SigtnUSA) according to
manufacturer’s protocol. The sorted cells were esttiegd for flow cytometry analysis

to assess its purity.

3.1.3.2Immunocytochemistry

The cells from passage 2-3 were used for immuncbgimical studies. The
isolated adipose cells were characterized for variextracellular and intracellular
markers to confirm they are of mesenchymal origid possess stem cell properties.
The cells after reaching subconfluence stage washed with PBS and fixed with
4% (w/v) paraformaldehyde for 20 minutes at roommgerature. After several
washings with PBS, cells were permeabilized witilexdh methanol for 20 minutes.
Permeabilization was done for visualization of ac#llular antigens only. Two

percent (w/v) BSA was used as the blocking agewnlipdse derived cells were
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incubated for 1 hour with the following cell speciprimary antibodies: vimentin,
CD105, CD44, CD90 and CD45/CD34. After several waghwith PBS, cells were
incubated with FITC/PE labeled secondary antibodibe cells were counterstained

with Hoechst stain (Sigma).

3.1.3.3Differentiation to adipogenic and osteogenic lineag

Cells from passage 2-4 were used for the diffeatioti studies. The cells
were seeded at a density of 5 ¥ 1&nf in DMEM HG supplemented with 10%
(v/v) FBS, until the cultures reached subconfluerideen the cultures were treated
with osteogenic medium (TOM dexamethazone, 20m glycerolphosphate, 50
png/ml ascorbate 2 phosphate) (Sigma, USA) for 2¢ dand adipogenic medium
(10" M dexamethazone, 0.5mM isobutylxanthine, 50uM indthacin) (Sigma,
USA) for 21 days. Medium change was done at amvatef 2 days. Osteogenic
differentiation and adipogenic differentiation wassessed by Alizarin Red (Sigma,
USA) and Oil Red O (Sigma, USA) staining respedyiveontrol cells without

differentiation stimuli were also stained in thenesamanner.

3.1.4 Isolation of endothelial cells from human umbilicalvein

Umbilical cords were obtained after caesarian tdetiveries under aseptic
conditions after approval from Institutional EthiCe@mmittee and collected in PBS
containing antibiotics and antimycotic. The umikalicvein was canulated and
washed with PBS. The distal end of the cord waspkd and the vein was filled
with 0.2% (w/v) collagenase type | enzyme in M188@ium 199, Gibco, USA)

supplemented with antibiotics. The proximal end & clamped and the cords
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were kept for incubation at 32 for 15 minutes. The vein was washed with M199,
followed by gentle massaging of the cord. The sosjoa of EC were collected and
centrifuged at 1800rpm,°@ for 10 minutes (Jaffet al, 1973). The pellet was
resuspended in M199 supplemented with 20% (v/v) ,FB% (v/v) L glutamine
(Gibco, USA) and 1X antibiotic/antimycotic and ttells were seeded in 0.1% (w/v)
gelatin (Sigma, USA) coated 35mm tissue culturatée petridish. Cells were
maintained at 3T in a humidified atmosphere containing 5% C8on adherent
cells were removed from culture after 3 days anthéoadherent cells fresh medium
was fed at 2 days interval. After reaching confliiecells were trypsinized with
0.25% trypsin EDTA and passaged into new flaskf@other expansion and onto
coverslips for immunostaining. Cells from passagm@ 3 were used throughout the

study.

3.1.4.1limmunocytochemistry

The cells cultured on coverslips were washed wBls Rnd fixed with 4%
(w/v) paraformaldehyde (Lab Rasayan, India) forn@i@utes at room temperature.
After several washing with PBS, cells were permigadd with chilled methanol for
20 minutes. Permeabilization was done for visutibpaof intracellular antigens
only. Two percent (w/v) BSA was used as the bloglkagent. Cells were incubated
with for 1 hour with the following cell specific jpnary antibodies: polyclonal rabbit
anti human von willebrand factor (VWF) and mono@lomouse anti human CD31.
The secondary antibodies used were chicken arbitredG FITC and chicken anti

mouse IgG FITC respectively. The cells were cowtémed with hoechst stain.
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3.2 Synthesis and fabrication of scaffold

3.2.1 Oxidation of Dextran

Dextran oxidation using periodate is a classic ethsed to incorporate
functional aldehyde groups and prepare dextrardelside (Drayeet al, 1998).
Dextran dialdehyde can serve as a crosslinker éynpers (like gelatin) bearing

free amino groups.

Briefly 10g of dextran (Mw 35,000-45,000, Sigm&SA) was dissolved in
100ml of distilled water after which 6.6 g of sodiumeta- periodate (Sigma, USA)
was added. The mixture was stirred in the dark6fdrours. Dextran dialdehyde
(DDA) with 50% oxidation could be obtained by tipiocedure. The percentage of
oxidized dextran was calculated by titration metlidgpendix A-2).The reaction
mixture was dialyzed (Sigma, USA, dialysis tubiMw cut off 8303) against
distilled water at room temperature for 3 days @nsileafter lyophilized for 24 hours

and stored at’C till use.

3.2.2 Fabrication of Dextran-Gelatin (DEXGEL) scaffold

Gelatin (5g, type A, porcine skin, bloom value- 18gma, USA) dissolved in 50
ml of 0.1M sodium borate buffer (pH 9.4) was stira 2500 rpm for 20 minutes at
room temperature, thereafter 50 ml of dextran eiaydle solution (5 g dextran
dialdehyde dissolved in 0.1M sodium borate bufiegs added and the stirring
continued for another 20 minutes. The mixture wasred onto cylindrical vials

(Tarsons, polystyrene 10ml) and kept af@®dvernight after which it was freeze

dried at -88C for 48 hours. The crosslinking between oxidizedtrhn and gelatin
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occurs by the formation of Schiff base links betwdee amino groups of lysine
and hydroxylysine residues present in gelatin alghgyde groups of oxidized
dextran. The freeze dried scaffolds named as DEX@dxtran Gelatin) were cut
into desired shapes followed by final rinsing irstified water for 1 hour at 8¢
after which it was freeze dried (-8D for 24 hours) and sterilized by ethylene oxide

treatment .

3.3 Physicochemical characterization of DEXGEL scaffold

3.3.1 Morphology and Porosity Analysis

The microstructure of the scaffold was charactérizsing scanning electron
microscopy (SEM) .The freeze dried scaffolds ( Smiimmeter, 3mm thickness)
were sputter coated with gold and examined withMSHEOL JSM 6390LV,
Japan) operated at 10 kV under high vacuum modee pbrosity of scaffold was
determined using liquid extrusion porosimetry (Pkhpdel No.LEP-1100A, New
York). Porous sample of specific mass and dens#ty taken and placed on a 5 um
Millipore membrane. The pore characteristic of &idfwas evaluated in the wet
state using water as the solvent which fills theepoof the sample and the
membrane. Pressure of a non reacting gas, Nitragesipwly increased over the
sample so as to displace the liquid from the pofdke sample. From the displaced
liquid the porosity measurements were taken. Pressequired to displace liquid

from a pore is related to the size of the poreaxshpe formula:

p=4ycosf/D) Equation 2
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where p is the pressure difference across the porethe surface tension of the
liquid, 6 is the contact angle of the liquid with the sampled D is the pore

diameter

3.3.2 Fourier Transform Infra-Red (FT-IR) Spectroscopy

For structural Analysis, FT-IR spectra (Attenuatethl reflectance -ATR
mode) of gelatin, dextran, dextran dialdehyde (DAY DEXGEL scaffolds were
taken using Thermo Nicolet 5700 FT-IR with DiamgkR Accessory. The spectra
were taken in the frequency range of 4000 - 40fcifhe FT-IR spectra of
DEXGEL in 7 days, 30 days and 60 days culture waken to study the degradation

pattern.

3.3.3 Water Contact Angle Measurement

Surface wettability of DEXGEL film was charactenzevith water contact
angle measurement by sessile drop method. The snafgéhe droplet on the film
were visualized through the image analyzer (Opt@ahtact Angle System, Data

physics, OCA15 plus, Germany).

3.3.4 Swelling studies

For determining the swelling characteristics, sasplknown weight
scaffolds) were immersed in PBS solution alG37The swollen samples were taken
out from PBS solution, wiped the surface with tes@aper followed by immediate

weighing at definitentervals till equilibrium swelling reached.
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The swollen weight was recorded and swelling rats calculated using the

following formula:

Swelling ratio = [(W-W;) /W] Equation 3

where ,Wis the initial weight of dry scaffold and yWhe weight of swollen

scaffold.

3.3.5 Enzymatic degradation assay

The in vitro degradation of the scaffold was studied by inculgat
preweighed sterilized scaffolds (5mm diameter, 3midith) in PBS supplemented
with 60ug/ml collagenase (Gibco, USA) at7and monitoring the weight loss of
the scaffolds. The samples were drawn at regularnials, washed with distilled
water and freeze dried. The final weight of the glm® was recorded and the

percentage degradation rate was calculated usanfpliowing formula:

Percentage degradation rate = [(Wi-Wn) / Wi] x 100 Equation 4

where Wi is the initial dry weight of the scaffoMin is the final dry weight of the

degraded sample after n days in PBS.

3.3.6 Cytotoxicity tests

3.3.6.1 Direct method

Thein vitro tests for cytotoxicity were done to assess theamse of cells in
culture to direct contact with biomaterial (Intetioaal Organization for

Standardization -1ISO 10993-5 guidelingéssts forin vitro cytotoxicity”). Sterilized
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DEXGEL scaffolds (5mm diameter, 3mm width) wereiposed on rabbit adipose
stem cell monolayer and incubated al@th CQ incubator. After 48 hours, culture

plates were visualized under phase contrast miopes(_eica, Germany).

3.3.6.2Extraction Method

Thein vitro cytotoxicity of DEXGEL scaffold was evaluated by endirect
extract method. Twenty four hour extracts of DEXG&daffolds (extraction ratio-
60cnf/20ml medium) were collected. Seeding density wafsrabbit adipose stem
cells per well in 96- well plate. Culture mediumsmemoved after 24 hours and
cells were incubated with test extract for 24 hotitse control cells were fed with
normal maintenance medium. After treatment as atddt, 2@l of 5Smg/ml MTT (3-
(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazotiu bromide) (Sigma, USA) was
added and plates were incubated &C3for 4 h. Wells were drained and formazan
crystals were solubilized in 1pDDimethyl sufoxide. The optical densitometry was
measured at a wavelength of 550 nm (reference 630 Rercentage survival was
determined as per the formula [(Absorbance ofdestact treated cells / Absorbance
of Control cells) x100] and compared with controhtreated cells regarded as
100%. Data shown are the mean + standard deviafidhree similar experiments

each performed in triplicate.

3.4 Studies with rabbit islets on DEXGEL scaffold

3.4.1 Islet cell seeding and culture

Rabbit islets were divided into two groups (n=4Iwek scaffold, per group).

The test group, with islets cultured on scaffoldd azontrol group, with islets
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cultured on TCPS (tissue culture polystyrene, Bedckinson, India) dish. Islets
were seeded at a density of 100-200 clusters fafost or well of 24 well plate.
Both group of cells were supplemented with DMEM-K@h 10% (v/v) FBS, 1x
antibiotic- antimycotic and cultured in a7 constant temperature incubator with

5% CQ. Medium changes were done at two days interval.

3.4.2 Islet cell morphology

The morphology of islet cells on TCPS dish and fetdfwere analyzed
using phase contrast microscope (Leica, Germany] apanning electron
microscopy (Hitachi S 2400) respectively. For SEMlgisis, samples were fixed
with 3% (v/v) glutaraldehyde for 2 h, after whicehydration was carried out using
graded ethanol changes, later critical point d(téidachi, Japan), and gold sputtered

in vacuum (Hitachi, Japan).

3.4.3 Islet viability

The viability of islets on scaffold and TCPS disterer analyzed using
live/dead calcein AM/ethidium homodimer-1 stainsv{trogen, USA). Islet cells on
scaffold and TCPS were visualized using ConfocatekLaScanning Microscope
(Carl Zeiss 510 Meta, Germany) and fluorescent osimope (Leica, Germany)

respectively.

3.4.4 Gene expression analysis

Total RNA was extracted from day 10 islets cultuoedscaffold and TCPS

dish using TRIzol reagent (Gibco, USA) accordingmanufacturer’s instruction.
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The resulting mRNA was reverse transcribed to cDNi#h Revert-Aid reverse

transcriptase (Fermentas, PCR kit) for 60 minute$2%C in the presence of oligo-
dT primer. Polymerase chain reaction (PCR) wasopered using specific primers
(Integrated DNA Technologies, USA) whose sequerecestabulated in Table 3.1.
Sybr Green Master mix (Invitrogen, USA) was usedthe reaction and 40 cycles
were performed in BioRad System programmed withcifpd conditions for

denaturation and annealing. The quantitative Rea tPCR (gRT-PCR) results

were normalized tg actin (reference gene).

Table 3.1List of primer sequences for rabbit islets
Gene Forward primer (5'-3’) Reverse primer (5'-3)

S actin GCGGGACATCAAGGAGAA | GGAAGGAGGGCTGGAAGAG
Insulin ATCGTGGAGCAGTGTTGC | CGTGGAGGGGTTTATTGG

Integrin 1 | CAGTGAATGGGAACAACG | TTTCCCTCATACTTCGGATT
Integrinav | CATTTCCGAGTCTGGGCCA| GGCATCAGAGGTGGCTGGA

3.4.5 Immunohistochemistry

Immunohistochemistry was done on scaffold—isletstaects to analyze islet
specific protein expression. The scaffold-isletstamcts were fixed in formalin free
fixative for 24 hours before histological analysisd consequently samples were
dehydrated through a series of graded ethanol, @deokin paraffin and sectioned
as um sections using microtome (Leica, Germany). Fatahpgical evaluation,
sections were deparaffinized, rehydrated througieseof graded ethanol. The
sections were stained with mouse anti-rabbit pyraartibodies: insulin, glucagon

and somatostatin; after which streptavidin perosédéabeled secondary antibody
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(Ultratech DAB kit, USA) was added. Counter staghiwas done with Mayer’'s

hematoxylin (Sigma, USA). Immunocytochemistry wasfprmed on control islets.

3.4.6 Islet cell function

Quantification of the protein level expression mgulin secreted was carried
out for islets on control and test groups. Samplese pre-incubated for 3 hours in
glucose free KRBH buffer (Appendix A-1), followedy bncubation with KRBH
containing 5.5mM and 25mM glucose for an additichdlour respectively. Insulin
assay was performed by enzyme immunoassay (Rafhitin kit, myBiosource,
USA), according to the manufacturer’s instructiédfier glucose challenging, islet
cells were lysed using cell lysis buffer (20mM démediaminetetraacetic acid
(EDTA) (Invitrogen, USA), 10mM Tris (Invitrogen, Wg, 200mM Sodium
chloride (NaCl) (SD Fine Chemicals, India), 0.2%tdm X-100 (Gibco, USA), and
100ug/ml Proteinase K (Invitrogen, USA)) for 1.5 hoats37C. The mixture was
centrifuged at 14,000 rpm for 5 minutes at roomperature and the supernatant
was collected. Equal volume of isopropanol and 4iNEICI were added to the
supernatant which was then incubated atG26vernight. After centrifugation DNA
pellet was dissolved in milliQ water. The RNA irfezence was inhibited by
addition of RNase A, followed by incubation at’@7for 1 hour. The DNA was
guantified using Quant-iT Picogreen double stran@®®A reagent (Invitrogen,
USA). The amount of insulin secreted quantifiedelogyme-linked immunosorbent

assay (ELISA) was expressed relative to DNA comedion.
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3.4.7 Analysis of ECM

To assess the formation of ECM on scaffold isletnstacts,
immunohistochemistry was performed using mouserabbit collagen IV (Abcam,

USA) antibody.

3.5 Studies of rabbit adipose stem cell to islet likeatls

3.5.1 In vitro differentiation of adipose stem cells to islet li& cells in culture
plate and on scaffold

Stem cells were seeded at a density of &x@0L& cells on a TCPS dish
(35mm) (BD Biosciences, India), ultra low attachmesulture dish (60mm)
(Corning, USA) and DEXGEL coated dish. Stem cedtsl(® cells) were seeded on
DEXGEL scaffold (5mm diameter and 3mm thicknessjhfee stage protocol used
by various research groups (Chanetal, 2011) (Suret al, 2007) was adopted for
the differentiation study with a deviation of avioig Insulin Transferrin Selenium
(ITS) from the protocol as ITS is expected to ifger with results of insulin
production. On day 1, cells were fed with ‘serueefmedium (SFM) A’ comprising
of DMEM HG supplemented with HdA/L S mercaptoethanol (Sigma, USA), 4nM
activin A (Sigma, USA) and 1X antibiotic-antimyaotat 37C in a CQ incubator.
On day 4, SFM A was replaced with ‘SFM B’ which sated of 1% (v/v) non
essential amino acid (Gibco, USA), 2mM/L L-Glutamj 1X B27 (Gibco, USA),
20ng/ml basic fibroblast growth factor (bFGF) (SmmUSA) and 20ng/ml
epidermal growth factor (EGF) (Sigma, USA). The SBMas continued for 7 days
with medium change at an interval of 2 days. On tthySFM C was added which

consisted of 10ng/ml betacellulin (Sigma, USA), ¢l activin A, and 1X B27
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and 10mM/L nicotinamide (Sigma, USA) for 10 moregyslaMedia changes were at

2 days interval.

3.5.2 Diphenylthiocarbazone staining to detecg cells in islet like cells

Dithizone (Sigma, USA) stock was prepared at a eotration of 39mM in
Dimethyl sulfoxide (Sigma, USA) and stored briely -15C. The DTZ working
solution was prepared fresh by mixing 100ul DTZcktdlOml KRBH buffer. The
differentiated rabbit islet like cells (rILC) wevgashed with PBS and incubated with
filtered DTZ working solution for 20 minutes at°&7 The stained cell clusters were

observed with phase contrast microscope.

3.5.3 Assessment of Cell Viability

The viability of rILC on 2D cultures and DEXGEL d$fmd were analyzed with
live/dead calcein AM/ethidium homodimer-1 stainsv{trogen, USA). Calcein AM
(excitation 495 nm, emission 515 nm) are retainétiiwv live cells and ethidium
homodimer (excitation 495 nm, emission 635 nm)ex@uded by the intact plasma
membrane of live cells. On day 30, rILC on scaffaldd on 2D cultures were
stained by calcein and ethidium bromide. The samplere incubated with b0 of
live- dead staining solution (2 calcein (4mM stock) and 4l of ethidium
homodimer (2mM stock) in PBS) for 15 minutes at@7After several PBS washes,
cells on 2D culture were visualized using fluoregamicroscope (Leica, Germany)
and on scaffold were visualized using Confocal L&eanning Microscope (Carl

Zeiss 510 Meta, Germany).
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3.5.4 Quantitative Real - Time (QRT) Polymerase Chain Reetion

Total RNA was extracted from triplicates of rILC lewed on DEXGEL
coated dish and DEXGEL scaffold using TRIzol read&ibco, USA) according to
manufacturer’s instructionrhe resulting mMRNA was reverse transcribed to cDNA
with Revert-Aid reverse transcriptase (Fermente8AUfor 60 minutes at 42 in
the presence of oligo-dT primer. Polymerase chaattion (PCR) was performed
using specific primers (Integrated DNA TechnologigSA) whose sequences are
listed in Table 3.1. Sybr Green master mix (In\ggn, USA) was used for the
reaction. Forty cycles were performed in BioRad t&ys programmed with
specified conditions for denaturation and annealifige gRT-PCR results were
normalized tgs actin (reference gene) carried out in paralleddoect differences in

RNA input.Rabbit islets on 2D and 3D cultures were used ag@o

3.5.5 Immunocytochemistry of rabbit islet like cells

Immunostaining of day 20 rILC and rabbit islets @D cultures was
performed to assess the protein level expressiamsafin. The cells were fixed with
formalin free fixative for 20 minutes at room temgere, permeabilized with
chilled methanol for 20 minutes and blocked with Z&v) BSA. Cells were
incubated for 1 hour with the following cell spéciprimary antibodies for insulin
(Santa Cruz biotechnology, USA), glucagon and sostatin (Dakocytomation,
Denmark). After PBS wash cells were incubated wghycoerythrin/FITC
conjugated anti-mouse IgG secondary antibodies mmages analyzed using
fluorescent microscope (Leica, Germanyucleus was counterstained with DAPI

(Gibco, USA).
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3.5.6 Histology and immunohistochemistry

The scaffold constructs with differentiated ril{@ay 20) was washed in PBS and
fixed in formalin free fixative for 24 hours befohastological analysis. Samples
were dehydrated through a series of graded ethamobedded in paraffin and
sectioned as jn sections using microtome (Leica, Germany). Fatotgical

evaluation, sections were deparaffinized, rehydratierough series of graded
ethanol. To identify pancreatic endocrine hormotgsimmunohistochemistry,

sections were stained with mouse anti-rabbit pyraartibodies: insulin, glucagon
and somatostatin; after which streptavidin perosgdéabeled secondary antibody
(Ultratech DAB kit, USA) was added. To further conf the evidence of ECM

formation rILC-scaffold constructs were stainedhwmtouse anti rabbit collagen 1V
antibody followed by labeling with secondary andigoCounter staining was done

with Mayer’s hematoxylin (Sigma, USA).

3.5.7 Insulin secretion assay and DNA estimation

The amount of insulin secreted by differentiatddCrion 2D culture plates
and on 3D scaffold (day 20) in response to glucosallenge was quantified.
Samples were pre-incubated for 3 hours in glucoss KRBH (Appendix A-1)
buffer, followed by incubation with KRBH containirgmM and 25mM glucose for
an additional 1 hour respectively. Rabbit isletsduas controls were also challenged
with similar concentrations of glucose. The suptmis were collected and frozen
at -80C till the assay was performed. Insulin quantifimatwas performed by
ELISA (Rabbit insulin kit, myBiosource, USA), acdang to the manufacturer’s

instruction. After glucose challenge, the cells2ih and scaffoldvere lysed using
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cell lysis buffer. The concentration of DNA wasiestted using Quant-iT Picogreen
dsDNA reagent (Invitrogen, USA) according to mawtdieer's instruction. The
amount of insulin secreted was expressed relathi@NA concentration. The given

results are representative data confirmed fronfférént experiments.

3.6 Studies on human adipose stem cell differentiatedlet like cells

3.6.1 Differentiation of human adipose stem cells to istdike clusters

Differentiation was carried out using a three stpgetocol. Adipose stem
cells were seeded at a density of délis/cnfand 10 cells/cnfon DEXGEL coated
dish and DEXGEL scaffold respectively. On day llscerere fed with ‘serum free
medium (SFM) A’ comprising of DMEM HG supplementedth 50uM/L -
mercaptoethanol and 4nM activin A at’@7in a CQ incubator. On day 4, SFM A
was replaced with ‘SFM B’ which consisted of 1%vjwon essential amino acid,
2mM/L L-glutamine, 1X B27, 20ng/ml basic fibrobtagrowth factor (bFGF) and
20ng/ml epidermal growth factor (EGF). The SFM Bsveantinued for 7 days with
medium change at an interval of 2 days. On daySHAM C was added which
consisted of 10ng/ml betacellulin, 10ng/ml actiin and 1X B27 and 10mM/L

nicotinamide for 10 more days. Media changes wegedays interval.

3.6.2 Gene expression analysis

Total RNA was extracted from day 20, 2D and 3D uwel$ of human islet like cells
(hILC) using TRIzol (Invitrogen) reagent and thencentration of RNA was
estimated using Qubit RNA assay kit. The cDNA wasppred from RNA by

reverse transcription using oligo dT primers anderse transcriptase (Fermentas,
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USA). The sequences of human specific primers 1P Ngn3 (Neurogenin 3),
insulin, glucagon, somatostatin, pancreatic polyidepand somatostatin (Integrated
DNA Technologies, USA) are tabulated in Table 2antitative gene expression
was analyzed by Real Time PCR. The samples weranrwuplicates and PCR

results were normalized fbactin (reference gene).

Table 3.2 List of primer sequences for human islet likesell

Gene Forward primer (5'-3’) Reverse primer (5'-3)

B actin CAGAGCCTCGCCTTTGCC TCAGGGTGAGGATGCCTCT
Ngn3 CGACTTGCTGCTCAGGAAAT GAGGTTGTGCATTCGATTGC
Pdx1 GTTGAATGGGGCGGCAATTG | TGTAGGAGGGCAGGGATGTG
Insulin GGCTTCTTCTACACACCCAA | AGGGCTTTATTCCATCTCTCT
Glucagon AAGTGAGTGGGAGAGGGAA | GCAGGTGAAGAGAGAGCAAG
Somatostatin | TGAGCAGGATGAAATGAGG GAAGAGAGATGGGGTGTGG
Pancreatic ACCTGCGTGGCTCTGTTA GCGTGTCCTCTTTGTGTCTT
polypeptide

Ghlerin TCTGGGCTTCAGTCTTCTCC CCTTCTGCTTGACCTCCATC

3.6.3 Immunofluorescence analysis

The differentiated hILC on 2D culture were chareegta for its protein
expression by immunocytochemical analysis. Cellsewixed with formalin- free
fixative for 20 minutes at room temperature, perpoileaed with chilled methanol
for 20 minutes and blocked with 2% (w/v) BSA. Thie@ were incubated for 1
hour with the following cell specific primary antidies for insulin (Abcam, USA),
glucagon and somatostatin (Dakocytomation, Denmadfkgr PBS wash, cells were

incubated with PE/FITC conjugated anti-mouse ori-@ftbit 1gG secondary
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antibodies and images analyzed using Fluorescemo®suoope (Leica, Germany).

Nucleus was counterstained with DAPI (Sigma, USA).

3.6.4 Immunohistochemistry

The differentiated hILC on scaffold were fixed orihalin-free fixative. The
samples were dehydrated using graded ethanol spaesffin embedded and 6um
sections were taken using microtome (Leica, Germafyr immunohistochemical
analysis, sections were deparaffinized, rehydrated stained with islet and/or
endothelial specific markers: insulin, glucagon asdmatostatin after which
streptavidin peroxidase labeled secondary antilftdtyatech DAB kit, USA) was

used.

3.6.5 Viability assay

The hILC on 2D and 3D culture were assessed forigsility by live-dead
calcein AM/ethidium homodimer-1 stains (InvitrogedSA). The samples were
incubated with 5Qul of live- dead staining solution (2 calcein (4mM stock) and 4
ul of ethidium homodimer (2mM stock) in PBS) for hSinutes at 37C. After
several PBS washes, cells on 2D culture were vmedlusing fluorescent
microscope (Leica, Germany) and on scaffold wesealized using Confocal Laser

Scanning Microscope (Carl Zeiss 510 Meta, Germany).

3.6.6 Glucose challenge assay

To assess the functionality of hILC, glucose steted insulin secretion

assay was used. Day 20 hILC were challenged wittM5amd 25mM glucose
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concentrations and the secreted insulin was cellieahd subjected for ELISA assay

(Insulin ELISA kit, Invitrogen, USA).

3.7 Studies on co-culture of human islet like cells anéndothelial
cells

3.7.1 Coculture study

Endothelial cells were seeded along with day 10Chtin 2D and 3D at a
density of 18 cells/cnt and 16 cells/cni respectively. The co-cultured cells were

fed with hILC medium for 4 weeks.

3.7.2 Gene expression analysis

Total RNA was extracted from day 20, 2D and 3D wel$ of ILC-EC
constructs using TRIzol (Invitrogen) reagent and ttoncentration of RNA was
estimated using Qubit RNA assay kit. The cDNA wasppred from RNA by
reverse transcription using oligo dT primers anerse transcriptase (Fermentas).
Specific primers for insulin and VEGF-A were purskd from IDT (Integrated
DNA Technologies, USA) whose sequences are taltllat€able 3.3 Quantitative
gene expression was analyzed by Real Time PCR. sHneples were run in
duplicates and PCR results were normalizeg-&ztin expression and values were

expressed relative to 2D cultured hiLC.

Table 3.3.List of primers used for co-cultured human islkelcells and endothelial cells

Gene Forward primer (5’-3’) Reverse primer (5'-3")

Insulin | GGCTTCTTCTACACACCCAAG| AGGGCTTTATTCCATCTCTCT

VEGF- A| GCTTGCCATTCCCCACTTGA | GCGGTGTCTGTCTGTCTGTC¢
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3.7.3 Immunophenotype analysis

Protein expression on hILC-EC constructs were aeay by
immunocytochemical analysis. The hILC-EC co-cultoomstructs were fixed with
formalin- free fixative for 20 minutes at room teengture, permeabilized with
chilled methanol for 20 minutes and blocked with 284v) BSA. The hILC-EC
constructs were incubated with insulin/vVWF antibddy 1 hour. After PBS wash
cells were incubated with PE/FITC conjugated ardiise or anti-rabbit 1gG
secondary antibodies and images analyzed usingadscence microscope (Leica,

Germany). Nucleus was counterstained with DAPI.

3.7.4 Immunohistochemistry

The hILC-EC 3D constructs after fixation were defaydd using graded
ethanol series, paraffin embedded and 6um secti@me taken using microtome
(Leica, Germany). The sections were deparaffinizethydrated and stained for
collagen IV and integrirfl after which streptavidin peroxidase labeled sdaon

antibody (Ultratech DAB kit, USA) was used.

3.7.5 Viability assay

The hILC-EC 3D constructs were stained with livede calcein
AM/ethidium homodimer-1 stains (Invitrogen, USA) &ssess its viability. The
samples were incubated with pDof live- dead staining solution 2calcein (4mM
stock) and 4ul of ethidium homodimer (2mM stock) in PBS) for biinutes at
37°C. After several PBS washes, cells were visualigeihg a Confocal Laser

Scanning Microscope.
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3.7.6 Glucose challenge assay

Glucose stimulated insulin secretion assay was usSedassess the
functionality of co-culture 3D constructs. Day 20L@-EC constructs were
challenged with different glucose concentratiomalfband 25mM) and the secreted
insulin was collected and subjected for ELISA agdasulin ELISA kit, Invitrogen,

USA).

3.7.7 Statistical Analysis

The quantitative results are represented as mestangdard deviation and
were assessed statistically using one way anatysimriance (ANOVA) followed
by post-hoc Tukey test. A value of p < 0.05 wassubered to be statistically

significant.
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CHAPTER 4

RESULTS

4.1 Isolation and characterization studies
4.1.1 Isolation and characterization of rabbit islets

The islet cells were isolated from rabbit pancrdgs collagenase V
enzymatic digestion. Islet cells observed undespl@ntrast microscope exhibited
cluster morphology the size of the clusters randgnogn 50 to 200um. Dithizone
stained positive islets appeared crimson red &s @& zinc chelating agent which
binds to zinc granules ifi islets. To confirm the presence of specific magkiar
isolated islets, immunostaining was done. Rabbédtsswere found positive for

insulin, glucagon and somatostatin (Figure 4.1).

4.1.2 Isolation and characterization of rabbit adipose tssue stem cells

4.1.2.1Isolation of rabbit adipose stem cells

The adipose tissue obtained from supra scapulasrreg rabbit (Figure 4.2)
was enzymatically digested using collagenase Ik Bolated cells were directly
plated onto tissue culture treated dish and normradtih cells were separated during
medium change. At the primary culture, adherentscekhibited fibroblast like
morphology evident on day 2 and reached confludmgyday 8. Actin staining
revealed the cytoskelatal organization of adipéssié derived stem cells on tissue

culture treated dish (Figure 4.3).
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Figure 4.1 Isolation and characterization of rabbit isletsPancreas harvested from New Zealand
white rabbit b) Phase contrast micrograph of istdls isolated from rabbit pancreas by collagenase
V digestion c) Dithizone stained rabbit islets agmeel crimson red due to the presence of zinc
granules. Immunocytochemistry of rabbit islets ifAas for d) insulin e) glucagon and f)

somatostatin. Nucleus stained blue.
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Figure 4.2 Rabbit adipose tissue harvest procedure a) Newaddakhite rabbit b) incision made on supra
scapular region c) adipose tissue procured usimgefs d) adipose tissue collected in sterile bottle

containing phosphate buffered saline supplementtrdamtibiotic and antimycaotic.
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Figure 4.3Phenotypic characteristics of isolated stem cetlmfrabbit adipose tissue. Phase contrast image
of rabbit adipose stem cells on a) Day 2. b) Day)8Cytoskeletal organization evident by actin rstai

showing fibroblast phenotype.

4.1.2.2Growth characteristics

Population doubling times were calculated followitige first passage
according to the calculation described in 3.1.Efuation 1) and the results are
shown in Figure 4.4 Population doubling time oftidladipose stem cells calculated
from passage 1-passage 10. Initially after primeglation and seeding, cells
exhibited a lag phase and the doubling time wasiné&d hours. Cells between

passage 3 and 8 exhibited reduced doubling timappfoximately 40-44 hours.
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From passage 8, the doubling time significantlyreased (*p value <0.05) in

comparison to passage 3-7 along with the changenphology of cells in culture.
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Figure 4.4 Population doubling time of rabbit adipose steihscgalculated from passage 1l-passage
10. After an initial lag phase, cells from passagexhibited reduced doubling time. From passage 8,

the doubling time was significantly increased iftune (*p value <0.05) with respect to passage 3-7.

4.1.2.3 Immunocytochemistry

Immunocytochemical staining revealed that cellsvéerfrom adipose tissue
were positive for vimentin which confirmed that theells obtained were
mesenchymal in origin and negative result for C@®45 confirmed the absence
of hematopoeitic cells. Positive results for CD1&ad CD44 indicated that the

isolated cells are stem cells (Figure 4.5).
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Figure 4.5 Immunophenotype characterization of rabbit adipdsdgved cells. The cells were a)
Positive for mesenchymal marker vimentin and b) &isg for hematopoeitic marker CD45/CD34.

The cells were also positive for stem cell marl@r€D105 and d) CD44.

4.1.2.4Flow cytometry analysis

For flow cytometric analysis, cells without additiof antibody were used as
control. Flow cytometry histogram of antibody ladxtladipose derived cells (Figure
4.6) revealed that cells expressed high levelsmoértin, CD44 and moderate levels

of CD105 but did not express hematopoeitic lineagekers like CD45 and CD34.
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Figure 4.6 Flow cytometry histogram of rabbit adipose dericetls. a) & b) Control population
comprising of unstained cells c) 87% positive f@W44 d) 62% cells were positive for CD105.

The population was negative for hematopoietic markg CD45 and f) CD34y) 90% of the cells
were positive for mesenchymal marker vimentin
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Figure 4.7 Bilineage differentiation of rabbit adipose stemlseAdipogenic lineage a) Phase
contrast microscope of differentiated adipocytekipid droplets stained red by Qil red O c) Control
cells stained negative. Osteogenic lineage: d)ghastrast microscope of differentiated osteocytes.
Calcium deposits stained e) Red by Alizarin Red fuislack by Von Kossa.
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4.1.2.5Adipogenic and osteogenic differentiation of rablaitipose stem cells

To confirm the stemness of isolated cells they wdikerentiated to
adipocytes and osteocytes (Figure 4.7). Differgiotiaof stem cells to adipocytes
was evident by the accumulation of neutral lipidadets in the differentiated cells
that was stained red by Oil Red O. Control celld dot show any significant
coloration upon addition of stain. Osteogenic défgiation of stem cellén vitro
was assessed by Alizarin Red and Von Kossa stamshwormed complex with
calcium deposits. The mineralized calcium deposége observed in red colour by

Alizarin Red stain and black colour by Von Kossa.

4.1.3 Isolation and characterization of human adipose sta cells

4.1.3.1lsolation of human adipose stem cells

Stem cells isolated from human adipose tissue bigpgenase | enzymatic
digestion exhibited plastic adherent property aadched confluence by day 7

(Figure 4.8).

4.1.3.2Immunofluorescence of human adipose stem cells

The cytoskeletal organization was revealed by pidifi stain.
Immunophenotype characterization of hASC showed tieds were positive for
vimentin, and negative for hematopoeitic marker @@®45. The hASC were

positive for stem cell markers CD105, CD90 and Ci(Hdure 4.9).

75



Figure 4.8Isolation of human adipose steggllsa) Human adipose tissue obtained after lipectomy
collected in a sterile bottle containing phosphadfered saline supplemented with antibiotic and
antimycotic. b) Confluent culture of day 7 cellsided from human adipose tissue by collagenase |

enzymatic digestion.

4.1.3.3Flow cytometry analysis

The isolated adipose derived cells revealed hetemous population by flow
cytometry analysis which was sorted by magneticvaied cell sorting to obtain
homogenous population of stem cells. The homogeméitsorted cell population
was assessed by flow cytometry analysis which itedethat 99% of the population

was positive for CD105 and 88% positive for CD4#y(ire 4.10).

4.1.3.4Human adipose stem cell differentiation to adipogemnd osteogenic
lineage

To further confirm stem cell characteristic humdaipase stem cells (hASC)
were differentiated to adipocytes and osteocytesnduaction with adipogenic and
osteogenic medium respectively. The differentiatdgbocytes were stained positive
with Oil Red O evident by presence of red colorngoitd droplets (Figure 4.11a).
Differentiated osteocytes were positively staineithvilizarin Red indicating the

presence of calcium deposits in red colour (Figutd.b).
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Figure 4.9 Immunophenotype characterization of human adipesevel cells Positive for a) Actin
b) Vimentin. Negative for ¢) CD45/CD34. Positive fitem cell markers d) CD105 e) CD90 and f)
CD44.
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Figure 4.10Flow cytometry analysis of human adipose derivdts deefore and after cell sorting
based on positive selection by Magnetic activatells csorting a) control population having
unstained cells-FITC b) control population for Fercentage of cell population positive for stem
cell markers before cell sorting c¢) 63.3% positieeCD105 d) 63.5% positive for CD4¢4
e)Negative for CD45 f) Negative for CD34. After Icebrting g) 99% of the population positiye
for CD105 h) 88% positive for CD44 i) Negative fob45 and j) Negative for CD34.

78



Ny
; 200pm

200pm

Figure 4.11Bilineage differentiation of human adipose stenisca) Oil Red stained lipid vacuoles

in differentiated adipocytes and b) Calcium deositAlizarin Red stained osteocytes.

4.1.4 Isolation and characterization of human umbilical vein endothelial cells

4.1.4.11solation of endothelial cells

Isolated EC adhered onto gelatin coated dishes sinowed their
characteristic cobblestone morphology (Figure 4.1P)e cells after reaching
confluency by # day were trypsinized and seeded onto gelatin dazteerslips for

immunocytochemical studies.

4.1.4.2lmmunocytochemistry

To confirm endothelial cell origin immunostainingasv performed for
endothelial specific markers like VWF and CD31 &CAM-1 (Figure 4.13). The
EC were found to be positive for vVWF which is atragellular antigen and CD31

which is a cell surface marker for EC.
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Figure 4.12 Endothelial cell isolation from a) Human umbilicabrd by collagenase | enzyme
digestion. b) Phase contrast image of endothellls cshowing cobblestone morphology after

reaching confluency.

© 100pm 100pm

Figure 4.13 Immunophenotype of human umbilical vein derived athdlial cells. The endothelial
cells were positive for a) VWF and b) PECAM-1.
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4.2 Fabrication and characterization of scaffold

4.2.1 Dextran-Gelatin scaffold

Dextran contains hydroxyl groups that can readily imodified with
periodate to form aldehyde groups. A 10% (w/v) soluof DDA having degree of
oxidation of 50% was prepared. The actual percentzgoxidized dextran after
periodate treatment calculated by titration metf@®ppendix A-2) was found to be
in the range of 40-45%. The DDA was cross linkethwgelatin in the presence of
0.1M sodium borate buffer by continuous stirring 20 minutes without aid of any
external crosslinking agents (Figure 4.14). Aftering, DEXGEL was allowed to

crosslink at 37C overnight.

4.2.2 Morphology and Pore distribution

Scanning electron micrograph showed the pore mdogloof DEXGEL
and its interconnectivity in the dry state. Ponpsiteasurement data obtained by
liquid extrusion porosimetry demonstrated that miia@n 70% of the pores are in
the range of 100-2@®n in size. The macroporous nature of DEXGEL is ssagy
for providing a better environment for maintainisigherical morphology as well as
for the survival and functioning of islets whickean the size of 50-200 um (Figure
4.15). The stirring speed optimal for generatingepan the range of 100-300 pm
was 2000-2500 rpm. Temperature at the time of tndssg also plays an important

role in determining pore size.
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Figure 4.14 Summary of DEXGEL scaffold fabrication method. Drar is partially oxidized to
Dextran dialdehyde using metaperiodate oxidatioxidi2ed dextran is reacted with gelatin in the
presence of borax buffer (pH 9.4) to form Schiféédinkage which is then subjected to freeze drying
to obtain DEXGEL scaffold
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Table 4.10ptimization of pore size on DEXGEL scaffold by yiag temperature

Temperature during Pore size calculated by Liquid extrusion
crosslinking porosimetry

30-40°C 100-300pm

Less than 8C Smaller pores (less than 100 pm)

~ w P
= = =
L L L

Pore distribution(%o)
N
o

=

—_— 100 200 300
10kV X50  500pm 0000 1346 SEI Pore size (um)

X250 100pm : 10kV X250  100pm

Figure 4.15Pore analysis of DEXGEL scaffold a) Scanning etattmicrograph showing the pore
morphology of DEXGEL scaffold .b) Liquid extrusioporosimetry data showing the pore
distribution histogram on DEXGEL. Scanning electmmicrograph showing pore morphology of
DEXGEL prepared by stirring speed c) greater tha®02rpm d) less than 2500 rpm.

83



4.2.3 FT-IR Spectroscopic Analysis

The FT-IR spectra of DEXGEL scaffold (Figure 4.168emonstrated
characteristic peaks of both gelatin (amide peak$2a7 cni due to N-H bend and
C-H stretch as well as at 3266 ¢rdue to N-H stretching vibration) and dextran
dialdehyde (1733 cif). The aldehyde peak of oxidized dextran was oleskiat
1733cmt due to C=0 carbonyl group and at 2900ctue to C-H stretching .The
aldehyde peaks were not significant in freshlyppred DEXGEL. The peak at
1630 cm was the characteristic peak for Schiff's baseteeldo the crosslinking
between aldehyde group of dextran and amino gréwgelatin. The FT-IR spectra
of DEXGEL in 1 week culture and 1 month culture diok exhibit any significant
absorption peaks at 1743¢mnd 1541cnil. The FT-IR spectra of DEXGEL after 60
days in culture exhibits absorption peaks at t##3and 1541cnt indicating the
presence of C=0 and NH bending which correspondseto carbonyl and amino

groups respectively resulted due to the degradati@chiff base linkage.

4.2.4 Contact Angle Measurement of DEXGEL film

Contact angle is a measure of the hydrophobicitg afaterial. The higher
the air-water contact angle, the more is its hydotyicity. Here the air-water
contact angle value for DEXGEL scaffold (Figure 7Zal was 64.% which
displayed a balance between hydrophilic-hydrophatature. Gelatin is highly
hydrophilic in nature but due to cross linkage WIDIDA there was a balance
between the hydrophilic — hydrophobic nature forX@®HEL which contributes to

better cell-matrix interaction in tissue enginegrapplications.
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4.2.5 Swelling Studies

Swelling ratio of DEXGEL was 7.5 to 8 as illustrdtan Figure 4.17b. As
scaffold swells pore size increase in diameter taaditating cells not only to attach
but also to migrate inside and grow in a three disr@nal fashion, duringn vitro

cultures. In addition, the cells gain maximum intdrsurface area of the scaffold.
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Figure 4.16a) FT-IR spectrum of dextran, oxidized dextranatieland DEXGEL scaffold. FT-IR
data confirmed the presence of aldehyde peak idized dextran, and absorption peak at 163bcm
due to Schiff base formation in DEXGEL scaffold icated by arrows. b) FT-IR spectrum of
DEXGEL after 60 day culture confirmed the occurieiof degradation products represented by free
carbonyl and amino peaks at 1743tand 1541cri respectively which was absent in freshly

prepared DEXGEL. Day 7 and Day 30 DEXGEL in cultwere used for comparison.
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Figure 4.17 Physicochemical characterization of DEXGEL scaffa)l Air-water contact angle of
DEXGEL film revealing the hydrophilic- hydrophobibalance in DEXGEL film. b) Swelling
behavior of DEXGEL scaffold in PBS. High swellingtio enhances cellular infiltration and nutrient

uptake. c)In vitro degradation rate of DEXGEL scaffold under enzymateatment. Slow

degradation profile of DEXGEL is due to efficiembsslinking

4.2.6 Enzymatic degradation study

The assessment of weight loss of the scaffold i®l@ble method for
investigation of degradation behavior of scaffold&EXGEL scaffold had a slower
degradation rate (Figure 4.17c) which is comparabth the rate of formation of
ILC. The slow degradation rate also confirms thicieit crosslinking between

dextran dialdehyde and gelatin groups.
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4.2.7 Invitro cytotoxicity assay

Percentage of cell survival
o)
(el
L

scaffold extract control

Figure 4.18 Cytotoxicity assay a) Direct contact assay. Nalent morphological change in cells
cultured in the vicinity of DEXGEL scaffold. ¢) MTHRssay showing cell viability with 100%
scaffold extract compared to control group by iadircontact method. The scaffold extract treated

group and control group did not show any statifificgignificant difference in cell viability.

Stem cells cultured with DEXGEL scaffold for 48 euwid not show any
change in the morphology. Cell viability on DEXGEltract was determined by
MTT assay. The MTT (thiazolyl blue) is convertearfr yellow-colored salt to
purple-colored formazan by cleavage of the tetramolring by mitochondrial
dehydrogenases, the activity of which is lineathe cell number. The results of
MTT assay confirmed that scaffold extract was ngtotoxic to the cells which

were similar to that of the untreated control (fFeyd.18).
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4.3 Studies of rabbit islets on DEXGEL scaffold (3D) in
comparison to islets cultured on tissue culture dis(2D)

4.3.1 Morphology of islets on tissue culture dish and DEXEL scaffold

Islets cultured on tissue culture polystyrene (TLC&Sh (2D) and DEXGEL
scaffold (3D) exhibited different morphology (Figu4.19). By day 10, islets on 2D
exhibited disrupted cluster morphology, with deseshcell number when observed
under phase contrast microscope and after dithistaiaing. Meanwhile, islets on
scaffold grew in a three dimensional pattern byeaily to it and formed cell
clusters with characteristic cluster phenotype andeneral formed the 3D islet

tissue.

4.3.2 Viability

The viability of the islets cells was confirmed &glcein-ethidium bromide
staining (Figure 4.20). The islets cultured on ftdfwere viable over the period of
30 days in contrast to islets cultured on TCP%tdstultured on TCPS became non

viable by day 10 and the number decreased on day 30
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Figure 4.19 Phenotypic characteristics of rabbit islets culumn tissue culture treated dish and
scaffold for 10 days. a) Phase contrast image siwttie disrupted cluster morphology of islet cells
cultured on tissue culture treated dish. b) Dithizatained rabbit islets cultured on tissue culture

treated dish did not show significant crimson rgmbemrance. ¢) Scanning electron micrograph

showing the intact cluster morphology of islets m@ined when cultured on DEXGEL scaffold
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Figure 4.20Viability of rabbit islets cultured on tissue culkutreated dish and DEXGEL scaffold by
calcein-ethidium bromide staining. a) Live and desets were observed on islets cultured on tissue
culture treated dish by day 10. b) Dead islet ce#ise observed on tissue culture treated isletdayn
30. c) DEXGEL cultured islets were found to be lwe day 30. Intact islet clusters represented by

arrows.

4.3.3 Gene expression

The results from Real time PCR analysis (Figurdd)Zor insulin gene for
islets cultured on scaffold displayed almost 4 fsignificant increased expression

when compared to that of control islets. The exgpogsof integrinl andav on
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scaffold were greater in comparison to 2D cultusdsch are responsible for the
enhanced viability of islets. In comparison, expras of integringl was found to
be significantly higher to that of integritv expression on rabbit islets cultured on
3D (Figure 4.21). Integringl and av are important receptors for binding to
extracellular matrix molecules like collagen andrdinectin thereby mediating

signals required for preventing the apoptosis let isells.

4.3.4 Protein expression

To confirm the presence of islet specific hormonas scaffold
immunohistochemistry was done. Islets on scaffolgressed specific hormones

mainly insulin, glucagon and somatostatin (Figu@2s

4.3.5 Islet cell function

Rabbit islets on 3D at 5 mM glucose concentratittowed 1.2 fold
increased insulin secretion than on 2D. Howeverretheas no statistically
significant difference observed. At 25mM glucosen@entration insulin secretion
from rabbit islets on 3D was 2 times significangieater than islets on 2D (Figure

4.23) indicating the importance of scaffold in entiag its function.
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Figure 4.21Expression of rabbit pancreatic beta islet spegénes studied using Quantitative Real-
Time Polymerase Chain Reaction. a) Insulin geneesgion was found to be significantly higher
DEXGEL scaffold (3D) cultured islets in comparistnislets cultured on tissue culture dish (2D). b)
Integrin expression was studied for beta islet igemarkers integrinl and integrinav on 3D
cultures. Integringl expression was found be significantly higher th@agrinav on 3D cultures.

The values are expressed relative to islets ontdres (* p value < 0.05).
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Figure 4.22 Immunohistochemical staining of rabbit islets onX¥EEL scaffold. Islets in scaffold
were positive for a) Insulin b) Glucagon ¢) Somttis. Nucleus counterstained with Mayers’

hematoxylin.
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Figure 4.23lslet cell functionality assessment by glucose lehgle assay. Islets were incubated with
different glucose concentrations (OmM, 5mM and 259nalvid the insulin secreted was quantified by
Enzyme Linked Immuno Sorbent Assay (ELISA). Isketttured on DEXGEL scaffold (3D) secreted

significantly (*p value < 0.05) higher amount ofsidin in response to high glucose concentration

(25mM) in comparison to islets cultured on tissudture dish (2D).

4.3.6 Evidence of ECM formation

The scaffold-islet cultures were positive for cgba on day 30 which
increased by day 60 (Figure 4.24). The resultsligighthe importance of scaffold

in serving as a supporting framework for isletsyathesize its own ECM.
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Figure 4.24Immunohistochemical analysis of islets cultureddd&XGEL scaffold for collagen. Day
60 islet-scaffold constructs were positive for agin IV expression which is a major extracellular

component of native islets.
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4.4 Differentiation of rabbit adipose stem cells to igdt like cells on
2D and 3D culture

4.4.1 In vitro differentiation of rabbit adipose stem cells to it like cells

In the tissue culture treated dish (Figure 4.28)lscexhibited a clustering
morphology by day 10 and by day 15 cell clustersevgistinguishable. By day 18,
morphology of islet clusters were observed, but ¢blls were adhered onto the
tissue culture dish. The yield of rILC on tissueltate treated dish was

approximately 350-450 per d¢ells.

Rabbit adipose stem cells differentiated on ultsa attachment dish formed
colonies via aggregation of cells by day 3 due ke tpresence of beta
mercaptoethanol which have the property of stinmgatolony formation. Beta
mercaptoethanol also plays an important role intgution of cells from stress
induced by serum free conditions (Figure 4.26). day 10, the size of rILC
increased in size and displayed the spherical nobogly and by day 20, riLC
resembled islet like morphology. The yield of rllo@ ultra low attachment dish was
approximately 800-1000 per 46ells. Rabbit islet like cells on DEXGEL coated

dish (Figure 4.27) exhibited similar pattern ag thfaultralow attachment dish.
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Figure 4.25 Change in morphology of stem cells during differatiin towards islet like cell on
tissue culture treated dish a) Day 1 b) Day 4 cy D@ d) Day 20. The cells underwent clustering

pattern and islet like cluster morphology was obséron day 20.
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Figure 4.26Change in morphology of stem cells during differ&tidn towards islet like cell on ultra
low attachment dish a) Day 1 b) Day 4 ¢) Day 1@dy 20. The cells underwent clustering pattern
by day 3 and the size of the cell clusters incredseday 20.
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Figure 4.27 Morphology of rabbit adipose stem cells on difféiaion towards islet like cells on
DEXGEL coated dish. a) Day 1 b) Day 4 c) Day 10Dd)y 20. Typical islet like clusters was
observed on day 20.
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Figure 4.28 Morphology of islet like cell cluster differentiatefrom rabbit adipose stem cells on
DEXGEL scaffold on a) Day 4 b) Day 10 c) Day 20R$}bbit islet clusters on DEXGEL scaffold.

Rabbit islet like cells on DEXGEL scaffold also éited spherical
morphology as evident by SEM micrograph (Figureé3.By day 4 cell aggregation
was observed and enhanced by day 10. On day 2@atypislet like cluster

morphology was observed similar to that of rabdiets.
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4.4.2 Dithizone staining

a b
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Figure 4.29Dithizone staining of rabbit islet like cells arabit islets. a) Islet like cells differentiated
from rabbit adipose stem cells and b) rabbit istdls stained crimson red due to the presencencf zi

granules in beta islets.

The differentiated rILC and rabbit islets on 2D tauk were positively
stained (Figure 4.29) with dithizone indicating fresence of zinc granules in beta
islets. The result supports the differentiatiorst&m cells towards pancreagtiaslet

like cells.
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4.4.3 Viability assay

Figure 4.30 Viability of day 30 islet like cells differentiatefiom rabbit adipose stem cells on a)
Tissue culture treated dish- most of the cells ietmd dead (stained red) b) Ultra low attachment
dish- live cells (stained green) and dead cellevedrserved c) DEXGEL coated dish — live and dead

cells were observed. Phase contrast images arenshanserts.

For assessment of viability of rILC, calcein/ethigi homodimer double
stains were used. Calcein (a non-fluorescent,peeiineable compound) cleaved by
esterase in living cells yields green fluorescemtereas ethidium homodimer is

cell-impermeable hence its red fluorescence isctitieonly in dead cells.

Figure 4.30 reveals the viability of rILC on 2D turks and scaffold after 1
monthin vitro culture. The rILC on tissue culture treated disteeed apoptotic state

by day 10 and by day 30 most of the cells weresthred and were non viable. In
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ultra low attachment dish and DEXGEL coated digllsan the periphery of rIiLC
stained green which implies its live nature bulscél the core were stained red
which indicated they were non viable by day 30. &wer rILC cultured in 2D

environment lost their morphology and membranegjirity

Figure 4.31Viability of rabbit islet like cells differentiatedn DEXGEL scaffold. Cells were found
to be live on a) Day 30 and b) Day 60 cultures.

Rabbit islets like cells were viable without anyadecells in the core or
periphery with its morphology uncompromised on DEXGscaffold (Figure 4.31)
throughout the study period of 30 days and 60 days dead ratio was quantified
by image analysis software (Leica QWin). Day 30Qlexhibited a live ratio of 94%
+ 4 and in day 60 ILC, 89 % * 6 were viable. Livelalead cells were counted from

minimum 8 different microscopic sections for anaigglive dead ratio.

4.4.4 Reverse Transcription and PCR

Fold expression of insulin gene with respect tenm&ice genef actin of

riLC on DEXGEL coated dish and on scaffold aresttated in Figure 4.32a. Insulin
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gene expression of rILC on DEXGEL scaffold show@dbfold significant increase
when compared to rILC on DEXGEL coated surfaceedrnh av expression was
found to be significantly higher in rILC on scaffioln comparison to integrifil
Figure 4.32b. Here the values are expressed reladivislets cultured on 2D. In
comparison to rabbit islet integrin expression Itssin rILC integrinav expression
was significantly higher than integrifil. The results signify that integriev are
more prominent in contributing to the anti apomatignal mediated by binding to

extracellular matrix components.
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Figure 4.32 Expression of pancreatic beta islet specific geaoesDEXGEL coated dish and
DEXGEL scaffold studied using Quantitative Real &iolymerase Chain Reaction. a) Insulin gene
expressed by rabbit stem cell differentiated idiké cells (ILC) was significantly higher on
DEXGEL scaffold in comparison to DEXGEL coatedhdisultured ILC. b) Expression of integrin
av by ILC on DEXGEL scaffold was found to be sigo#ntly higher than integrifil. The values are
expressed relative to ILC cultured on DEXGEL coatesth. (* p value < 0.05).
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4.4.5 Immunophenotype

100pm

Figure 4.33Immunophenotype characterization of rabbit islet cells (rILC) cultured on DEXGEL
coated dish. The cells expressed pancreatic em#ospecific markers a) Insulin b) Glucagon c)

Somatostatin.
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Figure 4.34Immunohistochemical staining of rabbit stem ceffedtentiated islet like cells (rILC) on
DEXGEL scaffold. The rILC expressed pancreatictisfgecific markers a) Insulin b) Glucagon and

¢) Somatostatin.

Immunocytochemistry (Figure 4.33) of rILC and immbarstochemical
analysis of paraffin embedded sections of rILC dBXIGEL constructs (Figure
4.34) confirmed the presence of insulin glucagod apmatostatin. The result
suggests that the three stage protocol also dddbt differentiation of few stem
cells to functional alpha and delta cells which gmend in the native islet cluster

imparting paracrine effects on maintaining isletdtion.
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4.4.6 Insulin quantification
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Figure 4.35Glucose challenge based insulin secretion assdbiRalet like cells cultured on tissue

culture polystyrene (TCPS) dish, DEXGEL coated @disd DEXGEL scaffold were challenged with

various glucose concentrations (O0mM, 5mM and 25mWhe amount of insulin secreted was
quantified by Enzyme Linked Immunosorbent AssayI@). Rabbit islet like cells from the three

groups secreted significantly higher amount of linsat high glucose concentration (** p value

<0.05). Rabbit islet like cells on DEXGEL scaffadcreted significantly greater amount of insulin at
5mM and 25mM glucose concentrations in comparisoithe other two groups (*and " p value

<0.05).

The insulin secreted by rILC upon glucose challemges quantified by ELISA.
Figure 4.35 illustrates the response of rILC taaas glucose concentrations on 2D
cultures and on DEXGEL scaffold. The rILC on 2D aBb cultures exhibited
similar insulin release pattern at OmM glucose eot@tion. rILC on DEXGEL
scaffold showed significantly higher insulin releaghen challenged with 5mM (*p

value <0.05) and 25mM ("p value <0.05) glucose eatrations, in comparison to
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riLC on DEXGEL coated dish and TCPS. At a concditnaof 5 mM glucose, rILC
on DEXGEL scaffold secreted insulin which was 1In@ 4.8 times higher compared
to rILC on DEXGEL coated dish and TCPS respectivElyrther at 25mM glucose
concentration, there were 1.64 and 2.03 times fezgnt increase of insulin on
DEXGEL scaffold group than on DEXGEL coated disid arCPS respectively.
Within the TCPS, DEXGEL coated dish and DEXGEL saldf groups there were
significant increase in insulin secretion in resgwnto high glucose
concentration(25mM) when compared to that of lowcgke concentrations (OmM

and 5mM) t*p value <0.05). When the functionality of rILC ismapared with rabbit

islets, the quantity of insulin secreted at 5SmM &&%inM glucose concentrations

were found to be higher on rabbit islets (Figu2s4.

4.4.7 Analysis of ECM formation

ECM formation in rILC-DEXGEL constructs was eviddm faint collagen
expression on day 30 and increased expression bseved on day 60 construct
(Figure 4.36). Collagen is an important extradaumatrix component of
pancreatic islet cells whose role is to serve amtua islet capsule as well as serve

as a basement membrane for enhancing islet suashfunction
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Figure 4.36lmmunohistochemical staining of rabbit islet likelltDEXGEL scaffold constructs. The
cell seeded scaffold constructs showed presencellafgen on a) Day 30 and b) Day 60 cultures.

Collagen is a major extracellular matrix componehislet cells required for its proper function and

survival
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4.5 Differentiation of human adipose stem cells to istdike cells

4 5.1 Differentiation of stem cells to islet like cellsn vitro on DEXGEL coated
dish and DEXGEL scaffold

Human adipose stem cells were differentiated oturilplate coated with
DEXGEL and on DEXGEL scaffold. Phase contrast im@ggure 4.37) reveals the
changes in morphology occurring during differembiatof stem cells to hILC on 2D
culture at different time points. Cell aggregatimas observed within 24 hours
under the influence of SFM A. The size of cell tdus ranged from 80-150um
which resembled pancreatic islet cells. The ‘SFMediated the differentiation of
stem cells to endodermal lineage under the inflaesicactivin A. The ‘SFM B’
promoted the differentiation towards pancreaticoglgdmal lineage. The ‘SFM C’
contains nicotinamide which results in maturatidénstets. Betacellulin and activin
are potent stimulators in mediating differentiattowards pancreatic endocrine cells

as well as enhanggcell’s insulin secretion function.
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Figure 4.37Morphology of islet like cells differentiated frohuman adipose stem cells on DEXGEL
coated dish. a) Day 1, cells attached onto theuiltlish b) Day 4- clustering pattern observed c)

Day 10 d) Day 20- typical islet like morphology ebged.
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Figure 4.38 Differentiation of human adipose derived stem cédisislet like cells on DEXGEL
scaffold. a) Day 1- cells attached on the scaffijlday 4- clustering phenotype observed. c) Day 10
— cluster size increased d) Day 20- islet likescebbserved attached onto scaffold.

Scanning electron microscopy (Figure 4.38) waszetl for analyzing the
morphology of hILC on scaffold during the differextion period. More number of
clusters was observed on day 10 hILC-scaffold imgarison to 2D cultures. The
size of cell clusters was increased on day 20.cCHtleclusters were found to adhere

onto the scaffold and maintained the typical isket morphology.

4.5.2 Gene expression analysis

The upregulation of pancreatic endoderm specifitegdike Pdx1 and Ngn3

on scaffold cultures were observed in comparisoBOaulture (Figure 4.39a). The
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results show the importance of scaffold matrixhia significant expression of early
pancreatic endocrine markers for differentiationstdm cells towards pancreatic
lineage. Gene expression analysis of day 20 hiLCsocaffold confirmed the

significant higher expression of islet specific gensuch as insulin, glucagon,
somatostatin and ghlerin on scaffold cultures imparison to 2D culture (Figure
4.39b). However there was no significant differemc@ancreatic polypeptide gene
expression on 2D and 3D cultures. The hILC comgristegamma and epsilon cells
in addition to alpha, beta and delta cells. Thiglddavor the proper functioning of
hILC mediated by cell-cell signaling and paracreitects. Insulin gene expression
was found to be 10 fold greater on scaffold thar2Dn The result shows that more
functional 5 islets were differentiated on 3D constructs. Theranexpression of

insulin highlights the functionality of hILC in ghose response.
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Figure 4.39 Quantitative analysis of pancreatic islet spec@fanes on human adipose stem cell
differentiated islet like cells (hILC) on DEXGEL ated dish (2D) and DEXGEL scaffold (3D) using
Real Time Polymerase Chain Reaction. a) Expressi@arly pancreatic endodermal markers (Pdx1
and Ngn3) was found to be significantly higher ocaffold groups in comparison to 2D culture. b)
Expression of pancreatic islet specific markersiling(Ins), glucagon (Glu), somatostatin (Som) and
ghlerin (Ghl) was found to be significantly highen scaffold group hILC in comparison to 2D
culture. There was no significant difference in &xpression of pancreatic polypeptide (Panpol) on
2D and 3D cultures.
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4.5.3 Immunophenotype

S0 pm

Figure 4.40 Immunophenotype characterization of human adiptsm sell differentiated islet like
cells (hILC). The hILC expressed pancreatic islpecific markers a) Insulin b) Glucagon c)

Somatostatin.
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Immunocytochemical (Figure 4.40) and immunohistogical analysis
(Figure 4.41) confirmed the protein level expressiaf insulin, glucagon and
somatostatin in hILC on 2D and 3D culture. The lssshow that the differentiated
hILC comprises of functional alpha, beta and ganumlds capable of producing

glucagon, insulin and somatostatin respectively.

g

100 pm

Figure 4.411mmunohistochemical staining of human adipose stethdifferentiated islet like cells
(ILC) on DEXGEL scaffold. The ILC expressed pantieaslet specific proteins a) Insulin b)

Glucagon c) Somatostatin.
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4.5.4 Viability assay

Figure 4.42Viability of human adipose stem cell differentiatistet like cells (hILC) on DEXGEL
coated dish (2D) and DEXGEL scaffold (3D) assedsedalcein-ethidium bromide staining. a) Dead
cells were observed on day 30 hILC cultured on Zizngas b) The hILC on 3D were found to be

live.

The viability of hILC was better on scaffold consits when compared to
2D cultures. The hILC on scaffold were found tovieble on day 30 (Figure 4.42)
whereas dead cells were observed on 2D culturerddudts show the importance of
scaffold in providing a favorable matrix for cettachment and the signals mediated
by them favor the cell survival. Islet cluster miooppgy was also maintained on
scaffold culture which implies the role of scaffaldmimicking a 3D environment

for the spatial orientation of hILC.
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4.5.5 Glucose challenge study
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Figure 4.43The amount of insulin secreted by human adipose stdl differentiated islet like cells
(hILC) on DEXGEL coated dish (2D) and DEXGEL sc#df¢3D) in response to various glucose
concentrations (0, 5 and 25mM) quantified by Enzyrimked Immunosorbent Assay (ELISA). At 5
and 25 mM glucose hILC on 3D culture secreted figantly higher amount of insulin when

compared to 2D culture.

The hILC and hILC- scaffold constructs respondedfedgéntly when
challenged with various glucose concentrationsgufe 4.43) The values are
expressed relative to DNA concentration. At 5 aBth®1 glucose, hILC on scaffold
secreted 2.2 and 3.4 pg insulin/ng DNA respectiveiyomM and 25mM glucose
concentrations insulin secretion of hILC on scaffatere significantly higher in
comparison to 2D cultures. Both hILC on 2D and @Bponded in a similar pattern

in the control (OmM) with no significant differenaginsulin secretion.
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4.6 Co-culture of human islet like cells and endotheliacells on
DEXGEL coated dish and DEXGEL scaffold

4.6.1 Co-culture study

Figure 4.44 Co-culture of human adipose stem cell differentiattet like cells (hILC) and human
umbilical vein endothelial cells (EC) on DEXGEL ¢ed dish (2D). a) hiLC and EC, day 15, 2D
culture small sprouts were observed. b) On dayt#numbers of sprouts were increased indicated

by arrows.

Human islet like cells were cocultured with EC oB)X3GEL coated dish and
DEXGEL scaffold. Sprouting was observed on hILC-E@hstructs by day 15 and
was found to increase by day 20, (Figure 4.44)antrast to hILC cultured alone

(Figure 4.37).

4.6.2 Immunophenotype

In the co-culture 3D constructs hILC were positifieg insulin and EC
positive for vVWF. Nuclei were stained blue with DIAfFigure 4.45 a). The hILC-
EC scaffold construct showed significant collaggpet |V expression (Figure 4.45

b), since endothelial cells are responsible forcuks basement membrane
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formation in islets comprising of mainly collageypé 1V and laminin. Integrigl
are receptors for collagen in basement membrane. I0B-EC on scaffold showed
significant integring’1l expression (Figure 4.45 c) which could bind ® lasement

membrane proteins thereby mediating bidirectiorgaaing.

Figure 4.45 Imunophenotype characterization of ttoced islet like cells (hILC) and endothelial
cells (EC) on DEXGEL scaffold (3D). a) Double imnamiluorescence showing the presence of
insulin (green) in hILC and von willebrand factew\{f) (red) in EC. Nucleus stained blue by DAPI.

Immunoistochemical staining showing expression)atbllagen IV and c) Integrifil.
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4.6.3 Viability assay

Figure 4.46Viability of co-cultured islet like cells and enttielial cells on DEXGEL scaffold on day

30. The cells were found to be viable.

The viability of hILC was better on scaffold constts when compared to
2D cultures. The hILC-EC culture alone on scaffolals viable on day 30 (Figure
4.46). The result reflects that the scaffold aeattitre and pore size are important

factors in determining islet phenotype and survival
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4.6.4 Gene expression analysis

1800 -
1600 + *
1400

OILC 3D
mEC-ILC-3D

cultured on 2D

Values expressed relative to 1LC

Insulin VEGF

Figure 4.47Quantitative analysis of insulin and VEGF A genasco-cultured islet like cells (hILC)
and endothelial cells cultured on DEXGEL scaffaBD) in comparison to hILC cultured alone on
3D studied by Real Time Polymerase Chain Reacfidre values are expressed relative to hILC
cultured on DEXGEL coated dish (2D). The expressbrinsulin and VEGF A was found to be
significantly higher on 3D coculture constructs whempared to ILC 3D constructs. (*p value <
0.05).

The insulin gene expression pattern was analyzedhlliC-EC-scaffold
constructs when compared to hlLC-scaffold cultdreere was a significant fold
increase in the expression of insulin gene in dtuoerscaffold constructs. Insulin
gene expression was found to increase by 9 follli€-EC scaffold constructs in
comparison to ILC-scaffold culture (Figure 4.47)heTl values were expressed
relative to 2D cultures. Early islet marker expresswas also significantly
increased in co-culture-scaffold construct. The VES gene expression was also

significantly greater on co-culture constructs oaffold. Significant changes in islet
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gene expression mainly insulin and VEGF A was olewhen EC were added

onto day 10 hILC culture.

4.6.5 Glucose challenge study
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Figure 4.48Glucose challenged insulin secretion by endotheké#licocultured human islet like cells
(hILC) on DEXGEL scaffold (3D) quantified by Enzyniénked Immunosorbent Assay (ELISA).
The insulin secreted was found to be significahttyher on cocultured 3D constructs in comparison

to hILC cultured alone. The values are expressktive to DNA concentration. (* p value <0.05).

The hILC and hILC-EC scaffold constructs respondéterently when challenged
with various glucose concentrations. (Figure 478 values are expressed as fold
increase relative to values on 2D culture. The hEQ scaffold construct secreted

significantly 10 times fold higher insulin when cpated to hILC cultured alone at

25mM glucose concentration.
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CHAPTER 5

DISCUSSION

Clinical islet transplantation is a potential thezatic option for treatment of
diabetes mellitus. Normal glucose homeostasis cdudd achieved with the
transplantation of islets of Langerhans which imesl the isolation of pancreatic
islets from cadaveric donors, followed by theirpedive infusion into the patient’s
portal vein. Previous studies have shown that plamsed islets cultureth vitro can
decrease the immunogenicity of grafts and immunodgejection by recipients
(Rutzky et al, 2002). Islet transplantation therapy is hampebgd decreased
function and low survival rate of islets as wellliasited donor organs. The isolation
step that removes islets from their native envirentmot only disrupts interactions
between blood vessels and endocrine cells, butdamatically changes islet cell
interaction with the ECM, which leads to decreasetl survival. Extracellular
matrix is a mixture of a variety of proteins whiskrves as a substrate for cell
attachment and plays a role in the growth and ratitur of cells. Native islets dn
vitro culture have been reported to undergo apoptositbgay (Churet al, 2008).
Thus there is a need to find a suitable substtet grovides favorable biological

support to preserve islets for long term culture.

Scaffolds composed of natural and synthetic polyjenbiomaterials have
been explored for culturing islets. The scaffoldsild mimic a 3D niche or growth

environmentin vitro for prolonging the survival of islets. Developmeosfta 3D
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microenvironment with adequate characteristics $septial to maintain islet

viability and function (Beattiet al, 2002).

The requirement of large number of islets for tpdaustation is limited by
donor scarcity. One approach to overcome the pregetion is to generate insulin
producing ILCin vitro from stem cells. The present study aims towarkdsdating a
3D scaffold for culturing islet cells as well asrigizng insulin producing ILC from
stem cells underin vitro conditions using appropriate growth factors. The
functionality of native and differentiated isletlsas compared in 2D culture system

as well as on 3D scaffold.

5.1 Isolation and characterization of cells

Dithizone staining is recognized as a valuable oettio specifically identify
the islet cell mass harvested from cadavers (Miyambal, 1998). Isolated islets
from rabbit pancreas stained with DTZ appeared swimred. Dithizone is a zinc-
chelating agent, and pancreatic islets from anispalcies as mouse, dog, pig, and
human are known to be stained crimson red by é&titnent, because of the higher
zinc granules ing islets compared with other tissues (Clakal, 1994). The
isolated rabbit cells were also stained positiverisulin, glucagon and somatostatin

indicating the presence gfa ands cells in islets.

Adult stem cells with their high potential of prfeliation and differentiation
offer great promise for generatiggisiets. The use of somatic or adult stem cells,
found in adult tissues, escapes the controversyceged with the use of stem cells

derived from embryos and fetal tissues. Also, agigdin cells have the potential to
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elude immunological rejection and disease conwacivhen transplanted back into
the donor (Merok and Sherley, 2001). The concepiplasticity in stem cells

suggests its ability to dedifferentiate from theiource cell type and then
differentiate into new cell types depending on ¢héure conditions (Guilalet al.,

2006).

The isolated cells from rabbit and human adiposgug@ in culture displayed
an elongated, spindle-like fibroblastic morphologye cells isolated from rabbit
and human were plated at a density of 6,000 ceifsi/and 1d cells/cnt
respectively. Lower seeding density did not exhdmtony formation, suggesting
that the cells prefer to have adjacent cells withircloser range. The cells on
reaching confluence stage have their proliferagjmwth arrested due to contact
inhibition.

Growth characteristics of rabbit adipose stem cedlgealed that cells
completed one cell cycle approximately every 2 \isdand after passage 7 doubling
time was significantly increased. Previous repatggests that human adipose
tissue harbor approximately 2—6 xi@ells per 300 ml of processed lipoaspirate
which can be maintained in culture through passdyéZuk et al, 2001). Rabbit
and human adipose stem cells underwent a changeiphology after passage 6
hence passage 4 stem cells were used throughosiuitie Adipose stem cells have
been reported to express cell surface markers €D4,0,CD13, CD29, CD49 d ,
CD49 e , CD44, CD54, CD55, CD59,CD105, CD106, CDadé CD166 (Gronthos
et al, 2001). Our experimental procedure for isolatigielded multipotent

CD44+/CD105+ cells from rabbit and human adipassug, confirmed by flow
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cytometry analysis and immunofluorescence assaj®w FEytometry analysis
confirmed that more than 80% of the isolated detisn rabbit adipose tissue were
positive for mesenchymal marker vimentin and stethmarker CD44. The rabbit
and human adipose tissue derived cells obtainest efblation were cultured and
non adherent cells were removed from culture dftelay. The adherent cells on
reaching confluency was subcultured using Tryp$dTA and passage 1 cells were
used for Magnetic activated cell sorting/Flow cyeing.We expect the
hematopoetic cells (non adherent) were removed dig 1 on medium change.
Hence this is the reason for the absence of negatigarkers CD45/CD34.The
perecentage of cells for stem cell markers befak after magnetic separation has
been described in (Figure 4.10) .The percentagsterh cell markers CD105 and
CD44 cells was increased from 63.3% to 99% , &h8% to 83% respectively after
Magnetic activated cell sorting. The fraction oflegositive for stem cell markers
in the crude preparataion was not estimated. Wdiromed the multi-lineage
capacity of stem cells isolated from rabbit/humdipase tissue. Adipose stem cells
subjected to adipogenic and osteogenic differaatiatonditions were all stained

positive.

Endothelial cells cultured from umbilical veins greas a homogeneous
monolayer of large polygonal cells with cobblestom®rphology expressing
endothelial specific markers like vVWF and CD31 f@adt al, 1973). Human
CD31/platelet endothelial cell adhesion molecul&EGRM)-1 is a 130-kd cell
surface molecule belonging to the immunoglobulirpestamily expressed by

endothelial cells (DeLisseet al, 1994). Von Willebrand factor is a multimeric

129



plasma glycoprotein constitutively secreted by E@ atored in the Weibel-Palade
bodies (Spornet al, 1986). The vVWF is required for platelet binditg the
subendothelium during hemostasis and serves asiardar coagulation factor VIl
(Sakariasseret al, 1979). Endothelial cells cultured after pass&ganderwent
change in cobblestone morphology hence passagel 3 aells were used for co-

culture study.

5.2 Characterization of scaffold

Non-cytotoxicity, pore size, adequate cross-linkalg@degradability and
swelling behavior parameters of the scaffold shdaddconsidered in islet culture.
Furthermore, cell attachment to a biomaterial ddffs an important early step in
the generation oin vitro-engineered tissue substitutes. Integrins are ¢ditaeric
transmembrane receptors that bind to proteins witie ECM including fibronectin,
laminin, various collagens, and many other molexuletegrins are composed of
andg subunit and the pairing of these subunits dicsgeificity for ligand (Hynes,

2002).

Natural polymers such as gelatin and dextran wbosen for the present
study due to its wide use for tissue engineeringliegtions. The most important
features of the DEXGEL scaffold is its biocompatilslature; the scaffold and its
degradation products are non-cytotoxic. The MTTagsexhibited an increased
percentage of cell survival on test extract treatts in comparison to the untreated
controls but there was no statistical differencevieen the results. The degradation

products of DEXGEL are expected to be amino aaioisi fgelatin and glucose units
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from dextran. Additionally, glucose is a potentrailator for islet neogenesis and
amino acids are also beneficial to the cell whiddsaon the benefit of DEXGEL

scaffold.

Gelatin, derivative of collagen which is a majomgmnent of islet ECM
could be a better option for mimicking the role BEEM. Gelatin has been well
utilized in tissue engineering applications on ardtoof its biocompatible nature.
Gelatin is considered less immunogenic than cotlalyes to the absence of aromatic
groups (Tyrosine and Tryptophan) and very less amoliPhenylalanine. A gelatin
matrix has also been reported to restore sufficceli-ECM interactions to induce
glucose dependent insulin production in dissociAtedlls (Del Guerrat al, 2001).
Gelatin based scaffold have been exploited in mdditculture in regard that it is a
partially degradable form of collagen which congés the major part of ECM in
native islets. The short peptide fragments or R@{usnce in gelatin plays major
role in binding of integrins mainlye541 anda543 which helps native islets in
maintaining its intact architecture (Muthyadtal, 2010). Dextran is also known to
enhance angiogenic effects which could be exploited promote tissue
neovascularization post transplantation in futurevivo experiments (Suret al,
2011). In addition, gelatin and oxidized dextras Ha property of self crosslinking
without the aid of any external crosslinking agefitse DEXGEL scaffold exhibited
a hydrophilic-hydrophobic balance important forlaallture, evident by contact
angle measurement owing to the efficient crosstigkof gelatin and dextran

dialdehyde.
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The time required for partial oxidation of dextraas 6 h at 37C. However
at lower temperatures more time was required teeae0-50% oxidized dextran.
Pore diameter and pore interconnectivity also ptaysajor role in maintaining islet
phenotype and function. In the present study, wes legptimized pore size ranging
from 100-300 um in our initial standardizatierperiments based on cell viability
and function for culturing ILC whose mean sizenguamd 80-150 um. Optimal pore
size is required for multiple islet-islet interaxis and spatial orientation of islets
and ILC. Smaller pores were generated by increatiiegstirring speed during
DEXGEL formation which was found to be suboptimat fLC. Parameters like
stirring speed, cross-linking temperature wererojzied to reach the most favorable
pore size in DEXGEL scaffold for ILC culturéligher stirring speed resulted in
small pores which was not favorable for culturirayge islet clusters. Lower
temperature for crosslinking resulted in generabbsmall pores less than 100 pm
which was not considered for the present studye Raterconnectivity is essential

for efficient cellular ingrowth, nutrient transp@md vascularization.

The rate of biodegradation of DEXGEL was found ® Ibss than 20%
during the period of 30 days under vitro condition and further study has to be
done to investigate degradation patteénnvivo. The FT-IR data of DEXGEL
cultured for 60 days confirmed the presence oflglde and amino groups which
are expected to be from oxidized dextran and getaspectively as biodegradation
occurs. Since the degradation rate was slow, stgmif aldehyde and amino groups
were not observed in DEXGEL cultured for 7 days d@@dlays. The data confirmed

the slow degradation profile of DEXGEL owing to tldficient cross linking
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between amino group of gelatin and aldehyde grdugestran dialdehydeSchiff
base is a covalent bond whose stability is higlelgeshdent on pH of the surrounding
media and favoured by neutral pH. The cross-linkimechanism occurs due to the
attack of nucleophilic nitrogen of the amino graefpgelatin on aldehyde carbon of
dextran dialdehyde resulting in loss of one watetetule, thereby forming C=N
bond (Schiff’'s base). In the present study, theopEulture medium is neutral which
prevents transition of —NHto protonated state thereby enhancing the statmfit
Schiff base in DEXGEL. The presence of hydrophgietatin adds to the increased
swelling ratio of DEXGEL which facilitates cells ggain maximum internal surface

area of the scaffold.

5.3 Rabbit islets on scaffold

Islet cell viability and function compromised byeisisolation techniques
have shown to result in high levels of islet aps@olslet cells cultured using
traditional cell culture approaches have been tedaio undergo cell death after 7

days (Churet al, 2008).

Rabbit islets isolated by collagenase digestioneveiitured on 2D (TCPS)
and 3D (DEXGEL scaffold) culture conditions. Therdipted morphology of islets
on 2D may be due to the lack of extracellular masignaling for adherence and
maintaining its phenotype. Meanwhile, islets onffeté grew in a 3D pattern by
adhering to it and formed cell clusters with che&egstic cluster phenotype and in
general formed the 3D islet tissue. The positiviluance of the scaffold matrix

appears to be related to its ability to promotetiskll spreading. Apparently, this
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3D architecture of the scaffold served as a frammkwdavoring the proper
orientation and configuration of islets to maintaits phenotype. The gene
expression analysis (Figure 4.21) highlights thet fhat proper maintenance of the

islet architecture in turn results in enhancedlinggene expression.

Various ECM components have been shown to improgertaintenance and
function of islet cellan vitro (Daoudet al, 2010). In the present study, we show
that the viability of islet cells is increased ah@& morphology is maintained when
cultured on the scaffold. The destruction of isteicroenvironment that occurs
during isolation or culture subjects them to caliudtress that leads to structural and
functional abnormalities. The ECM constitutes tha&jon component of islet
microenvironment serving as a cellular scaffoldnadl as regulating cell survival

and function (Wang and Rosenberg, 1999).

The cell-matrix relationship is characterized byeraction between cell
surface integrin receptors and matrix moleculestref ECM. The viability is
attributed to the RGD sequence of the gelatin etthffThe anti- apoptosis signal,
generated by ECM molecules, can be mimicked by BP@ftides on binding to the
integrins present on islet cells. The macropordusctire of the scaffold and the
RGD peptide sequences may be responsible for phoghothe enhanced

functionality of islets (Pinkset al, 2006).

The evidence of ECM formation typically collagen & shown in Figure
4.24 highlights the importance of scaffold in segvas a supporting framework for
islets to restore its own ECM. The major comporanslet ECM constituting the
vascular basement membrane proteins are contriliyteshdothelial cells but there
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is also a non vascular source of collagen (collalygnin islets forming the islet

capsule (Stendalet al, 2009).

5.4 Stem cell differentiated islet like cells

Several reports have confirmed the differentiatadmlity of adipose stem
cells to ILCin vitro. In our study we differentiated rabbit and humdipase stem
cells to ILC on an in-house fabricated biodegradaBD scaffold composed of
natural polymers (dextran and gelatin) and the ltesnere compared with 2D

cultures (tissue culture polystyrene and DEXGELedaurface).

We adopted a three stage protocol with growth factmcoction in serum
free high glucose medium for the differentiatioroggdure. Serum free condition
and high glucose medium are known to enhance diiteation of stem cells to
insulin producing cells. Glucose at 20-30mM concardn is a potent stimulator for
p cells by escalating its replication and insulicregion in vitro (Swenne, 1982).
But high glucose alone could not induce the difiéegion of stem cells to ILC. We
used 4nM activin along with beta mercaptoethanolSEM A for effective

differentiation of stem cells towards endodermatéige.

Growth supplements such as fibroblast growth facemidermal growth
factor, glutamine and amino acids in SFM B enhantwal differentiation of
endodermal cells to pancreatic lineage. Fibrobtasiwvth factor promotes cell
proliferation and terminal differentiation at thevél of Notch activation (Xet al,
2011). Various research groups have reported tleeofeepidermal growth factor in

inducingp cell neogenesis (Suarez-Pinzstral, 2005, Gucet al, 2011). In SFM C,
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nicotinamide, along with activin and betacellulimhanced the differentiation
towards pancreatic endocrine lineage. Nicotinampdgy an important role in
maturation of ILC in addition to preserving isleability and promoting insulin
secretion through poly (ADP-ribose) polymerase (PARKolb and Burkart, 1999).
The combined effects of activin and betacellulimpmurt islet differentiation,

maturation and insulin secretion (Sulzbacosteal, 2009, Demetercet al., 2000).

The three stage protocol adopted in the study cdettve pancreatig islet
like cellsin vitro by using appropriate growth factors at correcetipoint. The size
and morphology of ILC improved and differentiatedll€ resembled islet like
morphology by day 20. The mean size of ILC rangedhf80-150 um. Small islet
clusters are superior to larger islets in funct@onl transplantation procedures with

regard to higher oxygen consumption and reducerbasc(Lehmanet al, 2007)

5.5 Rabbit islet like cells

Dithizone stained rILC appeared crimson similarth@t of rabbit islets
indicating the presence of zinc granules. Zinc plag important role in synthesis,
storage and secretion of insulin as well as in taamg the conformational
integrity of insulin in hexameric form (Chausme®98). In the rILC differentiated
from rabbit adipose stem cells alpha and beta vadle interspersed throughout the
ILC and native islets. Very few delta cells weraurid in rILC and rabbit islets.
Furthermore, differentiated rILC expressed othencpaatic endocrine hormones
like glucagon and somatostatin in addition to imsulesembling native islet

architecture so that paracrine interactions amolphaa beta and delta cells
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contribute to better functioning of ILC. Islet méuigdogy is an important criterion in
determining its function (Wang and Rosenberg, 1998¢ rILC on TCPS, ultralow
attachment dish and DEXGEL coated dish lost thearphology and membrane
integrity before day 30. On TCPS plates the rILd hdherent nature but spherical
cluster morphology was maintained for a short mkeo the ultralow attachment
and DEXGEL coated dish. The lack of optimal micnaesmment for spatial
orientation and cell-cell interactions in ultralattachment and DEXGEL coated
dish caused the rILC to enter apoptotic state by 3fx On the other hand, rILC
maintained viability on DEXGEL scaffold for over @ladys of the study period due
to the favorable microenvironment supporting itsemdtype provided by the
biomimetic scaffold. The comparison of DEXGEL sodf and coated surface in
terms of viability and function clearly indicateBat rILC require an optimum
microenvironment for maintaining its spherical atetture and spatial orientation

which could be provided by a favorable scaffold.

The purpose of biodegradable scaffold was to peval supporting
framework for rILC to maintain its structural intég for the time required by the
cells to re-create its own ECM thereby prolongitsgangevityin vitro. In our study
we observed faint expression of collagen on thgpery of rILC on day 30 which
increased by day 60 thereby confirming that rIL& actively functioning within
DEXGEL. Differentiated rILC responded to low andjiconcentrations of glucose
similar to that of control rabbit islets; howevetal insulin secretion from rabbit
islets was greater. In 2D culture rabbit isletsileixéd decreased insulin release due

to the disruption of ECM during isolation procedim& 3D condition of DEXGEL
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scaffold suitably mimicked the role of ECM by prdiig a favorable milieu, hence
the vyield, insulin content and viability of differgated rILC on scaffold were
significantly greater in comparison to 2D culturdsarlier reports have implied role
of extracellular matrix (ECM) in islet survival arattivation of MAP kinase-ERK
signaling pathway induced by extracellular matexrequired for survival of islets

(Weberet al, 2008, Hammaet al, 2004).

Surface modification of scaffolds with various ECpftoteins could stimulate
various islet responses and integrin mediated betayDaoudet al, 2010). The
PLGA-collagen hybrid scaffolds coated with lamir@nd fibronectin were used to
maintain rat islet survival for a period of 6 dajgawazoeet al, 2009). In the
present study, no such coating was used and yegbahed of retention of viable
islets on scaffolds was significantly greater. Tesult implies that the scaffold
effectively mimics the role of extracellular matridy providing a beneficial
environment for rILC. It is also hypothesized thia dextran based scaffold is more
conducive for the growth and maintenance of riLCheTpositive impact of
biodegradable poly (lactic-co-glycolic acid) sc#éffocoated with matrigel on
endoderm commitment from human embryonic stem ceN®r traditional
monolayer cultures and reversal of hyperglycemiadi@betic mice using islets
derived from embryonic stem cells on PLGA scaffoldsre reported (Maet al,

2009).

The macroporous nature with pore size in the rasfge00-300um of the scaffold
provide a spatial environment for maintaining therpinology thereby sustaining the

survival and function of rILC.
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5.6 Human islet like cells

Adipose tissue has been recognized as a safe amdlait source for large
guantities of adult stem cells with minimal riskgBeret al, 2006). Several reports
have verified the ability of MSC to transdifferatgd into functional insulin
producing cells (IPC) however their ability to resd to varying glucose

concentrations is challenging.

Adopting the three stage differentiation protocatfiitive pancreatic
endocrine cells was successfully derived from hA&C 2D culture and 3D
scaffolds. The hILC on 2D and 3D culture exhibitgdt like cluster morphology by
day 10 and size of the clusters were increased dyy 20. Differences in the
pancreatic endocrine gene expression profile betveeds differentiated in 2D or
3D cultures were observed. The expressions of esldyy markers Pdx-1 and Ngn3
were upregulated during the differentiation procdsst higher expression was
observed on 3D cultures. Late pancreatic endocmiaekers insulin, glucagon,
somatostatin, pancreatic polypeptide and ghleripressions were significantly
higher on 3D cultures in comparison to 2D cultdree results illustrate the impact
of 3D scaffolds on early stem cell differentiatimnvards the pancreatic lineage. The
Pdx1 also known as insulin promoter factor 1, tsaascription factor required for
pancreatic development apecell maturation. The fact that Pdx1 is a masterege
for early pancreatic development has been demaedttay the pancreatic agenesis
occurring after bud formation in mice lacking funcial Pdx1 (Jonssoet al, 1994).
The Ngn3 which belongs to a family of basic hebw-helix (bHLH) transcription

factors is expressed in endocrine progenitor cBl&irogenin 3 play an important
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role in the formation of pancreatic endocrine preots (Kuboet al, 2011). In a

study on mice lacking Ngn3, the four pancreaticoenithe cells, which produce
insulin, glucagon, somatostatin and pancreatic peptide were absent (Gradwohl
et al, 2000). The results demonstrate that hASC diffiméed hILC adopted a
pancreatic endocrine phenotype morphologically fumdtionally under a defined

three-stage induction protoaal vitro without any genetic manipulation.

Protein level analysis of hILC on 2D and 3D cultulbyy immunophenotype
confirmed the expression of pancreatic endocrinenbaes insulin, glucagon and
somatostatin. The viability of hILC on 2D culturaad DEXGEL scaffold were
analyzed with live dead calcein AM/ethidium homodiri stains. The detection of
live and dead islet cells by calcein AM and ethmibomodimer-1 staining showed
that 3D cultures had significantly lower numbersie&d cells, compared with those
in 2D culture. Calcein AM(excitation 495nm, emissi®1l5nm) are retained within
live cells and ethidium homodimer (excitation 495nemission 635nm) are
excluded by the intact plasma membrane of livescdlhe viability of hILC on 2D
cultures was analyzed using fluorescent microscysca, Germany, Calcein-
Bandpass (BP) 450-490, Longpass (LP) 515 and Hihidiomodimer-BP 515-560,
LP 590) and on scaffold using Confocal microsco@ar( Zeiss 510 Meta,
Germany) (Cacien excited at 488nm using Argon lasetr ethidium homodimer
was excited at 543nm using HeNe laser). The vigbdind glucose stimulated
insulin response of hILC were enhanced on 3D ocedtun comparison to 2D
cultures. Adipose stem cells were seeded at a tgeosilC® cells /cnf and 10

cells/cn? on DEXGEL coated dish (2D) and DEXGEL scaffold j3@spectively.
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On 2D culture cell number is expressed per ardaeoflish and on 3D culture cell
number is expressed per volume of the scaffoldceStell number is relative per
area and volume of matrix, the amount of insulirdéscribed in relative to DNA

concentration.

Formation of islet amyloid toxic protein aggregaaesl loss of islet ECM are
two important non immune factors that contributeftoell dysfunction and death
both during pre transplant islet culture and irtigjrafts. The 3D scaffolds have
been reported to reduce amyloid formation and iwmg@raiability and function of
human isletsn vitro. Further collagen matrices and fibroblasts pogdlatollagen
matrices have been demonstrated to have additieetgfin enhancing islet function

and reducing amyloid formation (Zhamgal, 2012).

Adult human islets are surrounded by extracellatatrix, which is closely
associated with a capsule consisting of a singlerlaf fibroblasts and collagen
fibers produced by these cells (Stendahhbl, 2009). Several studies have shown
that islet morphology, function, and viability aheavily influenced by the islet
extracellular matrix (Beattiet al, 2002). The results of the study are based on
multiple human samples [lipectomy(n=6-8) and lipggn (n=4)]. Each sample was
run on triplicates for the analysis. The resultgloicose stimulated insulin response
shows significant increase on scaffold culture amparison to 2D culture, further

highlighting the importance of scaffold in enhargislet function and viability.

141



5.7 Co-culture study

The influence of EC co-culture on hILC was studed2D and 3D cultures.
The results reveal the importance of EC in induc¢hegdifferentiation of pancreatic
endodermal cells towards pancreatic endocrinesiskglorphological analysis of
these cultures showed that the cells aligned with another, indicating interactions
between the cells. Endothelial cells are adherelis that interact with ECM. Here
EC adhered on DEXGEL coated matrix on 2D culture lay 13" day sprouting was
observed on co-culture constructs in contrast taCh¢ultured alone. The sprouts
further increased by day 20 revealing the inteomstiamong hILC and EC. On 3D
cultures, interaction of EC and hILC was evidentitmmunofluorescence staining
for VWF as well as insulin. The VEGF A gene expi@ssvas also significantly
greater on coculture constructs on scaffold. Thimainly due to the interaction of

VEGF A and VEGF A receptor mediated signaling betwislets and EC.

Significant changes in islet gene expression mamgulin and VEGF A was
observed when endothelial cells were added onto IdayILC culture. This is
because in the pancreas, upregulation of VEGF Airgcduring islet formation
when they start to secrete hormones. Islets ex(WE€3~ A at later stages of their
development to attract capillaries. The islets kmewn to produce angiogenic
signals mainly VEGF A which interacts with the VEQG¥ receptor present on
endothelial cells (Reinedt al, 2014). This will induce fenestrate formation vt
islets which result in enhanced sprouting and Jdssmation of endothelial cells
(Lammert 2003). The VEGF A is essential for revémtzation of islets (Brissova

2006).
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Islet endothelium is important in fine-tuning ofnseng blood glucose and
secretion of insulin. Endothelium is responsible yascular basement membrane
formation of islets. The signals from basement nramé are responsible for insulin
secretion, function and proliferation ¢f cells (Nikolova 2006). Signaling is
mediated by integrins of whighil andav play an important role. Integrin mediated
signaling is responsible for upregulation of insutjene expression and enhanced
insulin secretion function in ILC. Immunohistocheatli analysis also confirmed the
presence of collagen IV and integg on coculture 3D constructs. Cell-cell and
cell-ECM interactions are important for promotinighility of islets. The scaffold
serves as a supporting framework in maintainingt ishenotype thereby enhancing

cell-cell interactions.

The RGD sequence of gelatin is a known factor gmaling islet survival
and function. The ILC could bind to RGD sequenda®ugh integrin receptors
which favor its enhanced survival on scaffold. TR&ED peptides have been
reported to confer survival to islets. The antio@fotic signals are generated by the
ECM molecules which could be mimicked by the RGptukes by interacting with
integrin receptors thereby initiating signaling gess. Islets enter into apoptotic
state unless cultured on ECM components or RGDigeeppto mimic ECM ligation
(Pinske 2006). Preventing the islets to enter agimpstate may help to improve
islet viability and function. The sprouting mechemiby ECs enhances the islet-islet
interactions thereby contributing to cellular fuoat The extracellular matrix
formation in ILC contributed by signals from endelibl cells as well as by scaffold

matrix resulted in enhanced function and viabiityLC.
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Integrin f1 are receptors for collagen in basement membrEme.ILC-EC
on scaffold showed significant increase in integilnexpression which could bind
to the basement membrane proteins thereby medibidigectional signaling. The
S1 integrin has been reported in mediating islevigal by adhering to matrices
collagen | and collagen IV (Wang 2005). The longrtesurvival of rat adulp cells
has been demonstrated due to the activation of MERK through p1-

integrin/focal adhesion kinase signaling mechar(idammar 2004).

Johanssoret al, 2008 reported that coculturing islets with EQ1 aviSC
improve islet viability and function. In this studwe used adipose derived
mesenchymal stem cells for the differentiation pthoe. Chandrat al, 2011
reported that there was a decline in the stem wwtker expression during
differentiation to pancreatic endocrine lineagewdwer stem cell properties are not
totally shut down. This property may enhance inatiachment of EC on ILC which
in turn progresses the interaction between EC &@l Furthermore the insulin
secretory function of ILC in response to differgjiicose concentrations was
significantly increased on coculture 3D constrighlighting the importance of EC

and scaffold on islet viability and function.
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CHAPTER 6

SUMMARY AND CONCLUSION

Diabetes mellitus, the chronic metabolic diseassed either due to insulin
insufficiency or its resistance, resulting in ldah dependency on insulin has
become one of the most significant non-communicatikeases globally. The
complications associated with the disease includeetic neuropathy, nephropathy,

retinopathy, cardiovascular disease.

Diabetes is mainly treated by administration ofl dngpoglycemic drugs or
insulin injection. However these approaches canmatic the physiological
oscillating pattern of insulin release to achievarnmoglycemia thereby cannot
prevent the long term complication associated wdihibetes and hypoglycemic
shock. Transplantation of pancreatic islets aimactueve euglycemia by following
the insulin release pattern as in physiological meanBut islet cells need to be
cultured in vitro prior to transplantation and long term culture heiit

compromising cell viability and function is chalgng.

The need to obtain multiple donor pancreases fah gzatient and the
uncertainty regarding long term side effects frammiunosuppression limits the
benefits of islet transplantation to patients whighly uncontrolled diabetes.
Isolated pancreatic islets vitro culture require a solid matrix to serve as a

supporting matrix to promote its survival and siibst for the absence of native
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ECM. It is also known that pancreatic endocrindscstrictly require endothelial

signals for their differentiation and function.

In order to address these concerns, the presaht stu“Co-culture of stem

cell derived islets & endothelial cells on a thoBmensional biomaterial towards a
tissue engineered bio-hybrid pancreas” has explibredirst hypothesis that adipose
stem cells could be a better source to derive paticrendocrine lineage ceils

vitro which could overcome the severe scarcity of dostats for transplantation
purpose. Recognizing the importance of scaffoldissue engineering islets the
second hypothesis is that a biodegradable and bietia 3D scaffold with adequate
pore sizes and mechanical strength is a criticqlirement to support islet cell
survival. Since endothelial cells play an importaoke in islet neogenesis and
function, third hypothesis is that culturing stersll cdifferentiated islets and
endothelial cells together as a co-culture modehenscaffold matrix may improve

islet cell survival and function.

The overall results obtained from the current studgnphasize on the
significance of microenvironment in islet survivamaintenance of spherical
morphology of ILC as well as insulin secretion. Tgresent work demonstrates the
importance of endothelial cells and feasibilitysgaffold in promoting islet viability
and insulin secretion which could serve as a aaveeicle in islet transplantation, a

curative therapy for diabetes mellitus.

The findings in the present study suggest thata=dll interaction in an
artificial three dimensional matrix is essential figlet viability. The favorable
environment offered by the scaffold of our studyattributed to the presence of
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peptide fragments, the balance of hydrophobic amlidphilic domains and the lack

of toxic crosslinking agents.

The present study has demonstrated the potentiatipiose stem cells to
differentiate into mature islet- like clusters ob 2ulture and 3D scaffold using a
three stage protocol. The use of autologous adigiese cells will be a better option
in case of severe scarcity for donor organs. Saatipose stem cells do not undergo
uncontrolled proliferation as tumor cells it coulde used as substitute in
transplantation set up. The ILC on DEXGEL scaffekhibited elevated levels of
secreted insulin in response to glucose concentraibmpared to 2D cultures. The
DEXGEL scaffold reported in this study exhibitedsgiive impact on islet survival,
its integrity and functionn vitro for a significantly longer period. The overall
findings signify that adipose stem cells cultured DEXGEL scaffold in the
presence of appropriate growth factors could beefeped way to generate viable
ILC thereby a promising strategy for long term tistelture for pancreatic tissue
engineering. In contrast to the scaffold-free aongroup, islets or ILC cultured on
scaffold exhibited improved morphology, less ceatlath, and prolonged survival

time.

The use of ILC-EC scaffold composite had beneficeffects on
improvement of islet function as well as viabiliggndothelial cells may contribute
to microvasculature formation within islets whicancimprove the survival of graft
after implantation. Moreover EC contribute to tleenfiation of vascular basement
membrane proteins important for fine tuning of glse stimulated insulin secretion.

This could be a better approach for islet trandplaon since it requires lesser time
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for graft vessels to integrate with the host vasttue. This could be an alternative

therapeutic approach for diabetes mellitus in theré.

FUTURE PROSPECTS

At present, only collagen expression was studiat! farther investigations should
be conducted for analyzing the expression of oB@M components like laminin
and vitronectin. The present report deals with amlyitro studies and more detailed
investigations about the signaling cues from thadfetrl should be made in future

throughin vivo experiments.

The in vivo studies of the effectiveness of tissue engineeetstruct comprising
ILC and EC on scaffold for reversal of diabetesaimmal models need to be

explored, before it can be translated as a thetapapproach of the future.
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APPENDIX
A-1

PREPARATION OF KREB'S RINGER BICARBONATE HEPES (KRB H)

BUFFER

Sodium chloride- 114mM
Sodium bicarbonate- 29.5mM
Potassium chloride- 4.4mM
Magnesium sulphate- 1mM
Calcium chloride- 1.28mM
HEPES- 10mM
0.1%

Bovine serum albumin-

Adjust the pH to 7.4
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A-2

TITRATION FOR CALCULATING THE DEGREE OF OXIDATION

a) Standardization of sodium thiosulphate

0.1N sodium thiosulphate, 0.1N potassium iodateO@| 2% (w/v) starch
and 10% (w/v) potassium iodide (KI) solutions werepared. In a conical
flask take 20 mL of KIO3 solution, 5ml of KI and rhl of concentrated
hydrochloric acid (HCI) (solution turns dark browemd was titrated against
sodium thiosulphate solution (taken in burette).ofprby drop sodium
thiosulphate solution was added till the solutiamed pale yellow. To this
add 20ml of distilled water and 2ml starch; solafidurn dark violet color.
Further titrate against sodium thiosulphate sotuttdl the solution turns

colorless. The procedure was continued for threea@alant values.

b) Normality of oxidized dextran

The burette was filled with sodium thiosulphateusoh. To the conical flask
add 4ml oxidized dextran, 1ml Kl, and 1 drop HCitrdte the solution in
conical flask against sodium thiosulphate. Whensl@tion in conical flask
turns pale yellow add 10mL distilled water and Htarch solution, thereafter
titrate against sodium thiosulphate till the saatiturns colorless. The

endpoint was noted till three concordant values.
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c) Calculation
) Normality of oxidized dextran
N1 x V1=N2 X V2

N1 = Normality of oxidized dextran (?)

V1=Volume of oxidized dextran

N2= Normality of sodium thiosulphate

V2= Volume of sodium thiosulphate (endpoint valfteratitration)

i) Weight of unreacted sodium metaperiodate (NalO3) =
Normality of NalO3 X Molecular weight of NalO3
lii)Weight of reacted NalO3= Total weight of NalG8lded — Weight of

unreacted NalO3
iv)Number of moles of NalO3 reacted =
Weight of reacted NalO3/ Molecular weight of NalO3

v) Actual percentage of oxidized dextran = (50 xi&soof NalO3)/0.03
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PREPARATION OF 0.1M SODIUM BORATE BUFFER

Boric acid - 0.0618g
Disodium tetraborate - 0.0954g
Dis H,0 - 65ml

Adjust pH to 9.4 using 1M Sodium hydroxide

Make up the final volume to 100ml
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