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ABSTRACT

The development of tolerance induction approaches via immune engineering that can
restore and/or replace non-functional tissues and organs represents the leading front of
emerging regenerative therapies. Type-1 diabetes (T1D) is an organ-specific
autoimmune disease characterized by destruction of pancreatic B cells, which are
insulin-secreting cells by autoreactive T cells and other immune cells. Loss of B-cell,
thus insulin, makes patients dependent on exogenous insulin or to overcome this need;
transplantation of pancreas or intact islets. One of the promising approaches used for
treatment of diabetes is the transplantation of islets; however, it also comes with its
pitfalls. First and most obvious one is the limitation of donor source. In addition,
transplantation of islets or entire pancreas requires suppression of the immune system to
prevent graft rejection. This suppression is achieved through immune suppressor drugs,
which leaves the body defenseless against infections and increases its susceptibility to
other complications such as cancer. Considering all these limitations,
immunotherapeutic strategies have focused on restoring immunologic self-tolerance,
thus removing the problem at it roots; preventing B cell destruction by patients’s own
immune system. The main focus of this approach is regulatory T cells (Tregs), which
are essential cells in suppression of autoreactive immune responses and maintenance of
self-tolerance. Stellate cells (SCs) have various effects on the immune system such as

recruitment of Tregs and induction of T cell apoptosis. Besides, they can promote
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vascularization, secreting vascular endothelium growth factor (VEGF). Some
chemokines are also key modulators in recruitment of Tregs. Macrophage-derived
chemokine or C-C motif chemokine ligand 22 (MDC/CCL22) is one of the novel
chemokines used for Treg recruitment by binding to CCR4 receptor on their membrane.
In this study, we designed an immune privileged microenvironment around implantable
insulin secreting islets site to provide local graft tolerance and to overcome limitations
associated with donor cells. We focused on achieving local immunosuppression through
overexpression of CCL22 proteins by SCs, which recruited immunosuppressive Tregs.
We prepared insulin-secreting pseudoislets through aggregation of mouse insulinoma 6
(MING6) cells as a model system to mimic naive islet morphology. Our results
demonstrated that transfected SCs can secrete CCL22 and recruit a population of Tregs
towards the implant in vive. This study is promising to provide fundamental
understanding of the SC-islet interaction, ligand synthesis and transport from stellate
cells at the graft site for ensuring local immune tolerance to target Type I diabetes. Our
results also establish a new paradigm for creating tolerable grafts for other chronic
diseases such as diabetes, anemia, cancer, CNS diseases and advance the science of

graft tolerance.



OZET

Fonksiyonel olmayan doku ve organlar1 yenilemek veya degistirmek igin bagisiklik
sistemi miihendisligi ile tolerans gelistirmek iizerine yaklasimlar yeni gelisen
rejenerasyon terapilerine dnciiliik etmektedir. Tip 1 diyabet organa bagli bir otoimmiin
hastaliktir ve insulin salgilayan pankreatik B hiicrelerinin otoreaktif T hiicreleri ve diger
bagisiklik sistemi hiicreleri tarafindan yok edilmesi olarak tanimlanmaktadir. 3
hiicrelerinin, dolayli olarak da insiilinin, viicuttan eksilmesi hastalar1 disardan alinan
insuline ya da bu ihtiyacin Oniine gegmek icin pankreas veya tiim halde adacik nakline
ihtiya¢ duyar hale getirir ancak bu islemin de yan etkileri vardir. ilk ve en bariz olam
organ bagis¢ist siirliligidir Ayrica, islem sonrasi naklin reddedilmemesi i¢in adacik
veya pankreas nakli bagisiklik sistemi baskilanmasini gerektirmektedir. Bu baskilama
ilaglar sayesinde yapilir ancak bu ilaglar viicudu enfeksiyonlara hatta kansere normalde
olundugundan daha duyarl hale getirir. Biitiin bu yan etkiler goéz ontine alindiginda,
hastanin kendi bagisiklik sisteminin beta hiicrelerini yok etmesini Onlemesi
sebebiyle, immiinoterapotik yaklasimlarin 6z-dayanimi yenileyerek sorunun
kokenine indigi soylenebilir. Bu yaklasimin ana odagi regulatuvar T hiicreleridir
clinkii bu hiicreler otoreaktif bagisiklik tepkileri ve 6z dayanimin diizenlenmesinde
kritiktir. Stellat hiicrelerin bagisiklik hiicreleri {izerinde, regulatuvar T hiicresi
cagirmak, T hiicresi apoptozunu baglatmak gibi bir ¢ok etkisi vardir. Ayrica vaskiiler
endotelyal biiyiime faktorii (VEBF) salgilayarak damarlagmay1 saglarlar. Bazi
kemokinler de regulatuvar T hiicresi ¢agirilmasinda kilit diizenleyici olabilirler.

Macrofaj bazli kemokin ve ya CC kemokin 22, regulatuvar T hiicresi ¢agirilmasinda
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onlarin hiicre zarindaki CCR4 reseptoriine baglanarak etki eden, lizerinde az ¢aligilmis
bir kemokindir. Bu ¢aligmada biz nakledilebilir, insiilin salgilayan adaciklarin etrafinda
bagisiklik sisteminden ayri tutulabilen bir mikroortam dizayn ederek nakledilen doku
bolgesinde toleransi saglayip nakledilen hiicrelerle alakali sinirlamalarin 6niine gegmek
istedik. Bolgesel bagisiklik baskilamasini CCL22 proteinini stellat hiicrelere tirettirerek
ve bdylece regulatuvar T hiicrelerini ortama cagirarak saglamaya odaklandik. Fare
insiilinom 6 (MING6) hiicrelerini agregat haline getirerek dogal adacik morfolojisine
model olan, insiilin salgilayan yalanci adaciklar hazirladik. In vivo sonuglarimiz,
transfekte edilmis stellat hiicrelerinin CCL22 salgilayarak regulatuvar T hiicrelerini
nakil yapilan boélgeye cagirabildigini gostermektedir. Bu ¢aligma stellat hiicresi ve
adacik hiicreleri arasindaki etkilesimin temelleriyle ilgili bilgiler sundugu ve stellat
hiicrelerde ligand {iretimi ve bunlarin bolgesel immiin tolerans: olusturmak adina nakil
bolgesine taginmasini gosterdigi i¢in onemlidir. Sonuglarimiz diyabet i¢in oldugu kadar
anemi, kanser, MSS hastaliklar1 gibi baska hastaliklar icinde kullanilabilecek, hasta
tarafindan red edilmeyen nakil dokusu 6rnegi teskil ediyor ve hastalardaki nakil
dokuya olan dayanimin gelistirilmesi hakkinda olan bilimsel ¢alismalara katkida

bulunuyor.
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Chapter 1: Introduction

CHAPTER 1

Introduction

Type I diabetes (T1D) is an autoimmune disease caused by the destruction of
insulin secreting islet cells, resulting in insulin deficiency and high blood glucose '
Immune system of patients with T1D recognizes pancreatic p-cells in islets as foreign.
This is caused by release of B-cell antigens as a result of stress, viral infection, or
proinflammatory cytokines from islet cells. Those antigens are presented by antigen
presenting cells (APCs) to CD8" T cells. Activated CD8" T cells cause damage on islets
through either cytotoxic cytokines or granzymes. In addition, dendritic cells activate
CD4" T cells in pancreatic lymph node, and activated CD4" T cells migrate to pancreatic
islets where they recruit and activate lymphocytes and macrophages. In return, activated
lymphocytes and macrophages secrete cytokines and these induce pro-apoptotic
signaling in B-cells and kill them *°.

There are several approaches to treat T1D such as insulin therapy, pancreas or
islet transplantation used in treatment of T1D. Although pancreas transplantation allows
long-term insulin independence, suitable donors are in short supply, and there is high risk
of complications during and after surgery. In addition, it is required to use
immunosuppressive drugs which lead to serious side effects like increasing susceptibility
to infections or cancer. As another approach, transplantation of insulin secreting islets

from cadaveric human donors is promising; however, systemic suppression of the
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immune system of the recipient patient is still required and also there is still donor
limitation for islet transplantation. To overcome immunosuppression requirements,
immunotherapeutic strategies have been used to restore immunologic self-tolerance

thereby preventing destruction of transplanted B cells " °

. Tregs are main actors in this
immunotherapeutic strategies and have significant functions in suppression of
autoreactive immune responses and maintenance of self-tolerance * . It has been shown
that CD4"CD25 FoxP3" T cells alleviate progress of type 1 diabetes through diminished

autoimmune attack therefore providing graft tolerance *'°

. To emphasize the roll of
Tregs, their loss of function and decrease in number has been observed in diabetic
patients*. Thus, recruitment of Tregs towards the graft site is a logical approach to
overcome graft rejection, and chemokines can be used to achieve this '''2.

Cancer cells are able to evade immune recognition and suppress immune
reactivity by secreting some chemokines, for this task. They can recruit Tregs, and
suppress T cells via this property. Therefore the microenvironment in tumors are highly
immune suppressive. One of those is CCL22 protein which is a macrophage derived
chemokine (MDC) '*"°. CCL22 is capable of attracting of Tregs by binding to the CCR4

. 6,14
receptor on their membrane ™

. Verchere et al. showed that CCL22 protects islet graft
from immune attack and provides islet allograft tolerance ', In addition, Bischoff et al.
demonstrated that CCL22 alleviates T1D by recruiting and activating Tregs, and also
invariant natural killer T cells (iNKT) cells and plasmacytoid dendritic cells (pDCs)

which are involved in moderation of local autoimmunity '8 Thus, this molecule, CCL22,
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is a considerable candidate to utilize in immunotherapeutic approaches to overcome graft
rejection.

For several decades, several approaches such as alternative pancreatic f cell line,
different implantation sites, usage of immunosuppressive drugs, encapsulation of graft
have been clinically or preclinically applied to prevent loss and dysfunction of islet graft
after transplantation. Accessory cells such as mesenchymal stem cells, and stellate cells
have already been explored to provide graft tolerance in islet transplantation '***. Both
hepatic and pancreatic stellate cells (HSC and PSC) have immunomodulatory activity.
HSCs can expand Treg cells, suppress T cell response, and induce T cell apoptosis.
Recent studies showed that cotransplantation of HSCs prevent islet allograft rejection via

formation of immune barrier 2>

. PSCs have been reported that they indirectly
contribute to immune evasion in pancreatic cancer. They have been shown to sequester
CDS8" T cells in pancreatic cancer stroma, migration of myeloid-derived suppressor cells

28-30 :
. However, there are a few studies

into stroma, and induce apoptosis of T cells
investigating effects PSCs on pancreatic B cells. Kikuta et al. have showed that co-culture
of PSCs with RINSF rat pancreatic B cells impairs their function by reducing insulin
expression and promoting apoptosis °'. Zang et al have reported similar effects of PSCs
on function of mouse islets **. Since islet vasculature is degenerated during isolation and
transplantation process, oxygen and nutrients must be supplied to islets from culture
medium and vessels in transplanted site. However, this situation causes hypoxia at early
stage of post-transplantation and it is a main reason of early graft loss *>>* HSCs and

PSCs are also able to promote angiogenesis secreting proangiogenic factors VEGF *>~°.
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Qian et al. showed cotransplantation of hepatic stellate cells promoted vascularization in
islet allograft after transplantation and prolonged islet survival >’

In this study, we designed a local immune privileged microenvironment for graft
tolerance and focused on achieving this through recruitment of immunosuppressive
Tregs. We also addressed challenges of high islet number required for transplantation
and repeated islet isolation by forming heterospheroids through aggregation of MING.
MING6 cells have been reported as a model system for B-cell to mimic naive islet

%39 Here, we are recruiting Tregs via CCL22 protein to provide local

morphology
immunosuppression. For this purpose, stellate cells were transfected to express CCL22
protein and then pseudoislets were formed through aggregation of MIN6 with transfected
stellate cells by hanging drop method. Stellate cells have excellent angiogenesis
promotion capabilities along with their immune suppressive properties *>**". Here, we
combined these characteristics of stellate cells with CCL22 protein to significantly boost
the graft tolerance. This approach has potential for clinical transplantation of not only

pancreatic islets for type 1 diabetes but also several organ/tissue for other disease without

the use of immunosuppressive drugs.
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CHAPTER 2

Literature Review
2.1 Type-1 Diabetes (T1D)

2.1.1 Definition

Type 1 diabetes (T1D) is a chronic disease characterized by hyperglycemia due to
immune-mediated depletion of pancreatic B cells and cause insulin deficiency ***'.
Autoimmune destruction of pancreatic B cells may result from not only genetic factors
but also environmental triggers even mechanisms are still not thoroughly investigated.

Diabetes mellitus is the fourth leading cause of death and incidence of TID is

continuously raising 3% per year worldwide™®.

2.1.2 Symptoms and Diagnosis
It has severe impact on daily life of patients and reduces the quality of patients’

life. It causes severe damage, abnormalities and defect in organs such as eyes, kidney,

43-44

heart etc. . Most patients with type 1 diabetes have symptoms of visual damage,

. . . . . 40-41
weight loss, and extensive thirst and urination

. Diagnosis of diabetes has included
fasting blood glucose (FPG) > 126 mg/dL (7 mmol/L) or random blood glucose value >
200 mg/dL (11-1 mmol/L) with symptoms of hyperglycaemia, or an abnormal 2 h oral

glucose-tolerance test **.
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2.1.3 Pathogenesis

Pathogenesis of TIDM is characterized by the loss of immune tolerance against
pancreatic B cells. CD4" and CD8" T cells are involved in devastation of insulin secreting
B cells as shown in Figure 2.1. In addition, other abnormal immune actions such as
deficiency in mature dendritic cells (DCs), natural killer NKT cells, and reduced
phagocytosis activity of macrophages as well as inflammatory cytokines like IFN-y and
TNF-a are key players in destruction of P cells * **. Immune system recognizes
pancreatic B-cells in islets as foreign in patients with T1D. Islets release B-cell antigens
as a result of stress, viral infection, or proinflammatory cytokines. Those antigens are
presented by APCs to CD8+ T cells. Activated T cells cause damage on islets through
either cytotoxic cytokines or granzymes. In addition, immature dendritic cells capture
antigens from B-cells and transport them to the pancreatic lymph node. Here, antigens are
presented to CD4+ T cells and further lead to clonal expansion of autoreactive CD4"
effector T cells, resulting in clonal expansion. After migration of activated CD4" T cells
to pancreatic islets, they recruit and activate lymphocytes and macrophages which secrete
cytokines such as IL-1 and TNF. Those cytokines induce pro-apoptotic signaling in -
cells and also expression of CD95 ligand on membrane of pancreatic -cells which bind

effector T cells expressing CD95L on their membrane and kill f-cells >
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Figure 2. 1 Pathogenesis of type 1 diabetes®. Copyright (2017), with permission from
Nature Publishing Group.
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2.2 Current treatments and Limitations

There is still no effective treatment available for T1D. Injection of exogenous
insulin or the use of an insulin pump, which measure blood glucose levels to avoid acute
complications, currently comprise the main treatment options. Exogenous insulin
treatment requires multiple daily injections and these regular administrations may be
inconvenient and painful for patients. It may not sufficient to maintain normoglycemia
because it is not same as endogenous insulin. There may be infections at injection site "
*-30  TInsulin can be also easily delivered by insulin pump, which provides adjustable
insulin delivery by multiple injections, and so enable glycemic control overnight.
However, there are some problems in usage of this pump. There may be infection at the
injections site, and the regular injections may lead to hypoglycemia. The pump is also not
convenient for patients who have to carry an external device °'°. Another approaches
used for treatment of TID are pancreas or islet transplantation. Although islet

transplantation needs experimental improvement, transplantation of pancreas is a clinical

option even there are series complications.

2.2.1. Pancreas transplantation

First transplantation of whole pancreas was achieved in 1960s and 1970s;
however, the survival rate was less than 40% *. Mortality rate of patients was decreased,
and function of graft increased after 2011°. It can provide long term complete insulin
independence to patients™. Although it is improved over the years, transplantation of the
whole pancreas is still a very risky operation, as it requires intense immunosuppression.

Patients must have immunosuppressive therapy after surgery.
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2.2.2 Islet transplantation

B cells in pancreatic islets secrete insulin. Thus, transplantation of islets to
patients with T1D has been conceived as an alternative approach. Several animal and
clinical trials were conducted, and insulin independence of patients after islet
transplantation was achieved in 1990 although islet graft was rejected after 22 day °’.
Unlike pancreas transplantation, transplantation of islets presents a smaller risk during
surgical procedure. Thus, this approach still needs experimental improvements to achieve
insulin independence and avoid graft rejection after implantation. Although
transplantation of pancreatic islet is a promising approach for treatment of type I
diabetes, it has some drawbacks like donor limitations and usage of systemic

58-59

immunosuppressive drugs to prevent graft rejection™ ~~ There is a rising unmet need for

60-61
. However,

transplantable islets. They are generally isolated from brain-dead patients
brain death reduces viability and functionality of pancreatic islets®”. Various studies have

been performed to overcome donor limitation, mimicking naive pancreatic islets.

2.2.2.1 Formation of Pseudoislets

Since islet transplantation requires a large number of viable islets to maintain
normoglycemia and the number of suitable islet sources is limited, alternative tissue
engineering approaches to islet transplantation has emerged to mimic naive islets. Thus,
three dimensional (3D) islet models have been constructed by aggregation of different 3
cell lines into spheroid formation called pseudoislets. Even though stem cells or
progenitor cells such as induced pluripotent stem cells can differentiate into B cells,

reconstruction of islets from single cells is still challenging. It has been shown that 3D
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spherical cultures mimicking intact islets have found more functional compared to

63-65

monolayer cells” ™. First, pseudoislet formation from neonatal pig islets was reported at

67-70 67, 71-72

1981 . 1t was also established using adult rats””", neonatal rats , cadaveric
pancreata”” and neonatal humans’*. Different methods have been carried out to form 3D
islet models. B cell lines can self assemble into spheroids when cultured in non-adhesive
cell culture petri dishes. In addition, microwells fabricated by various methods have been
used to form spheroids due to gravity®. Also, hanging drop is another method for

pseudoislet formation. Cells are dropped onto lids of cell culture petri dish and then lids

are inverted. These cells can then form clusters under gravitational force’”.

2.2.2.2 Pancreatic B Cell Lines

In addition to donor limitation, the process of islet isolation is quite time
consuming and costly. Due to these obstacles of using donated islets, insulin secreting
cell lines have been the center of attention in transplantation studies. Limited number of
cell lines has been derived from insulinomas, which is a small tumor occurred naturally
in pancreas and produces an excess amount of insulin. In addition, insulin secretion
properties of those cells are permanent in tissue culture since they start to
dedifferentiate’®. Insulinomas have been induced in rat to establish cell lines and RIN
cells were the first cell lines obtained by this method. RINm and RINSF cell are the most
commonly used sublines derived from RIN ”’. They have been reported to produce
insulin, glucagon, and/or somatostatin. This insulin-secreting cell line has been used to

. . . 7881
form pseudoislets in several studies™™".

10
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Proliferation of B cells, which is derived from naturally-occuring insulinoma
occurred naturally, is not easy in cell culture. To overcome this limitation, a gene
construct, which includes of the structural region of the simian virus 40 (SV40) T antigen
gene driven by the insulin promoter, was injected into mouse embryonic pronucleus to
obtain transgenic mice harboring SV40 T antigen. These mice developed B cell tumors

8286 Miyazaki et

and insulin secreting cell lines have been derived from such insulinoma
al. established a B cell line called mouse insulinoma 6 (MIN6) from insulinoma
developed in transgenic mice expressing SV40 T antigen®’. MING cell line has been used
in formation of pseudoislets in several researches and viable and functional pseudoislets
have been obtained by aggregation of MING6 cells to spheroids formation. It has been

8891 As a result,

reported that they share similar functional properties with naive islets
commercially available cell lines are an alternative source of B cells to form spheroids in

3D culture, which are more functional than monolayer and display similar functionality

as naive islets.

2.3. Immunological Tolerance and Transplant Immunology

The immune system contains various mechanisms to protect the body from
invasive pathogens and tumors by distinguishing self from non-self. Immunological self-
tolerance is crucial to maintain immunological homeostasis and prevent autoimmune
attack to body’s own cells. **°.
Activation of innate and adaptive immune system by allograft lead to rejection of

transplant. Release of damage-associated molecular patterns (DAMPs) from damaged

graft during transplantation activates innate immune cells. Activated leukocytes release

11
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inflammatory cytokines or chemokines, which cause recruitment of other leukocytes into
graft. Complement system, which is a part of immune system and enhances ability of
antibodies and phagocytic cells may also be activated by DAMPs and activated
complement system lead to further destruction of graft. Thus, transplanted organs or
tissue initiates destruction and rejection process. However, innate immune system itself
is mostly not enough to reject transplanted tissue or organ. Activation of innate immune
system orchestrates adaptive immunity against to graft. Recognition of donor-derived
antigens by T cells initiates allograft rejection. Activated T cells undergo clonal
expansion, differentiate into effector T cells, migrate to graft site and incite tissue

94-96

destruction . In addition, B cells play a key role in rejection process. They can act as

APC interacting with T cells and produce alloantibodies against the graft °” %,

2.4. Prevention of Islet Rejection

After transplantation, patients’ immune system recognizes transplanted islets as a foreign
like bacteria or viruses and if immune system is not suppressed, immune cells fight
against the transplanted islets and cause damage and further rejection. Thus, several
strategies have been developed to prevent rejection of islet graft. In addition, islet
vasculature is degenerated during isolation and transplantation process. Thus, oxygen and
nutrients must be supplied to islets in transplanted site. Lack of oxygen causes hypoxia at

early stage of post-transplantation which is main reason of early graft loss >*>*

2.4.1 Immunosuppressive drugs
The major drawback of islet transplantation is requirement of lifelong

immunosuppressive therapy. This systemic suppression is generally achieved by the

12
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administration of immune suppressive drugs. After surgery, patients must take these
drugs every day to prevent implanted islet graft from autoimmune attack. Daclizumab,
sirolimus, and tacrolimus are the antirejection drugs used to provide graft tolerance.
However, these drugs have serious side effects such as defenseless of patients against
infections and even more susceptibility to cancer. In some cases, patients who received

islet transplant have to stop using these drugs due to their side effects >,

2.3.2 Local immunosuppression

2.3.2.1 Regulatory Tcells

Tregs are mostly CD4 CD25 FoxP3" cells. Their main function is to suppress and
downregulate effector T cells. They can produce immunosuppressive cytokines like IL10
and TGFp. They also inhibit activation of T cells through APCs by the binding of
CTLA4 on Tregs to B7 molecule on APCs. There are large amount of IL2 receptor on
Tregs membrane and so they can also indirectly reduce proliferation and differentiation
of IL2 dependent cells by binding IL2 due to high level of IL2 receptor on Tregs. Tregs
are, as seen in numerous studies, key regulators of immune function in human body. To
exert their function, they are generally recruited to the area of need through various ways.
Although natural Tregs (nTregs) are cytokine independent and rely on solely contact to
function, adaptive Tregs (aTregs) can be directed to different parts of the body®. This
process usually occurs through ligand-receptor interactions; ligands being antigens,
cytokines or chemokines and, receptors residing on the membrane of aTregs. Many
studies showed that FOXP3 expression is crucial for Treg suppressive function but in

translational studies, immunotherapy centered ones, usually the focus is to find a way to

13
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either recruit or deplete Treg population depending on the disease. Cancer
immunotherapy is one of the major topics of immunotherapeutic studies and from these
studies, it is seen that most cancer cells have a mechanism to recruit Tregs and bypass the

body’s immune response, namely effector T cells'”

2.3.2.2 Chemokines

Many studies showed that CD25" FOXP3" CD4" Tregs are a major part in this process,
but recent years revealed a new protein in recruitment of Tregs; C-C chemokine receptor
type 4 (CCR4)'” ', Ligands of CCR4 are chemokine C-C motif ligand 22 (CCL22) and
chemokine C-C motif ligand 17 (CCL17) but studies showed that CCL22 secretion from
the tumor tissues recruit FOXP3+ Tregs to the area through this CCR4-CCL22
interaction and effectively suppress self-antigen specific effector T cells'®>. Cancer cells
can secrete CCL22 to recruit Tregs and escape from immune cells (Figure 2.2)'%.
Although immunotherapy is one of the major focuses in cancer treatment, it is also used
by researchers to find ways against pitfalls of transplantation. Since transplantation
procedure’s one of the major issues is immune reaction against the donated tissue or
organ, successful immune suppression in the receiving patient’s body is crucial. However
doing so gives rise to new problems, since a body without immune system is susceptible
to infections and even some cancer types. The findings on Treg recruitment through
CCR4-CCL22 intrigued scientists to exploit CCL22 for many transplantation techniques
and auto-immune disease treatments. T1D is one of these diseases. Studies involving

CCL22 expressing insulin secreting cells showed increased Treg population ', Thus,

CCL22 is a recently identified for immunotherapy approaches.

14
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Figure 2. 2. Immunomodulation by cancer cells'®”. Copyright (2017), with permission
from Nature Publishing Group.

2.4 Accessory Cells for Islet Transplantation

2.4.1 Mesenchymal Stem Cells (MSCs)

MSCs are known to differentiate into variety of cell types and so usage of them
for tissue repair is a novel clinical approach. Numerous studies have been shown their
therapeutic potential. They have different mechanisms to achieve MSCs-mediated
immune regulation. MSCs have been shown to regulate function of T cell, B cell, natural
killer (NK) cells, dendritic cells (DCs), and regulatory T cells (Tregs) by cell- cell
contact and through soluble factors secreted from MSCs. They have been reported to
alter secretion of cytokine from DCs, effector T (Th) cells, NK cells. MSCs can regulate
T cell mediated immune response. MSC may lead to decreased IFN-y secretion from Thl
and increased IL-4 secretion from Th2. T cells can be inhibited by IFN-y and IL- 8.
MSCs can also induce apoptosis in activated T cells '°°'%. Moreover, MSCs produce NO
(in mice), or IDO (in human), and chemokines which play a key role in

immunomodulation. T cells are attracted by chemokines into close proximity to activated

15
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MSCs and so NO or IDO suppress immune response by direct T cell inhibition as shown

3 '% MSCs have been also shown to suppress B cells with soluble factors

in Figure 2.
released by MSCs and also with direct interaction between MSCs and B cells, blocking
proliferation of B cell in GO/G1 phase of cell cycle. In addition, it has been shown that
MSCs can suppress proliferation of NK cell although partially inhibit proliferation of
activated NK cells. MSCs may cause decreased IFN-y release from NK cells and also
TGF- 31 have been found to be a key cytokine in NK cell suppression by MSCs. MSCs
may lead to decreased TNFa secretion from DCs, and increased IL-10 secretion from
DC. In addition, MSCs can regulate immune response by induction of regulatory T cells
(Tregs). It has been reported that MSCs can promote differentiation of Th17 cells into

106-10
Tregs y

16
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Figure 2. 3. immunomodulation by MSCs '®®. Copyright (2017), with permission from
Nature Publishing Group.

MSCs are able to enhance survival and function of islet graft by increasing islet
revascularization through secretion of vascular endothelial growth factor (VEGF),
hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF) and matrix
metalloproteases (MMPs). Thus, MSCs promotes new vasculature around

heterospheroids, providing oxygen and nutrients. Even though MSCs also needs oxygen

17
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and nutrient for their survival after islet transplantation and so compete with MING6 cell in
the beginning, MSCs have excellent angiogenesis promotion capabilities along with their
immune regulation properties. Hence, usage of MSCs is a novel clinical approach for

islet transplantation > °.

2.4.2 Stellate Cells (SCs)

SCs are star-shaped cells found in some organs such as pancreas, liver etc. PSCs
are located adjacent to pancreatic acinar cells, around small pancreatic ducts and blood
vessels. PSCs migrate, synthesize, and secrete ECM proteins. These properties of PSC
are stimulated during activation. Activated PSCs secretes excessive ECM synthesis and
this eventually leads to pathological fibrosis '

HSCs are located in the perisinusoidal space of Disse between the fenestrated
liver endothelium and epithelial hepatocytes. The key morphological feature of HSCs is
presence cytoplasmic droplets containing vitamin A as retinylpalmitate. However, liver
injury cause loss of vitamin A droplets and they become activated. Activated stellate
cells can produce excessive collogen''*''".

HSC and PSC have immunomodulatory activity. HSCs are able to expand Treg
cells, suppress T cell response, and stimulate T cell apoptosis. Recent studies indicated
that cotransplantation of HSCs with islets prohibit rejection of islet allograft via
formation of immune barrier 2. PSCs can indirectly help the pancreatic cancer cells to
escape from immune system. They sequester CDS" T cells in pancreatic cancer stroma,

migration of myeloid-derived suppressor cells into stroma, and induce apoptosis

of T cells **?°. Effects of PSCs on pancreatic P cells have been also investigated. Kikuta

18
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et al. have showed that co-culture of PSCs with RINSF rat pancreatic 3 cells impairs islet
function by reducing insulin expression and promoting apoptosis®'. Zang et al have found
similar effects of PSCs on function of mouse islets>”.

Harnessing SCs as accessory cells for islet transplantation is also promising to
supply revascularization around implant site. SCs are able to promote angiogenesis by

35-36

secreting proangiogenic factors such as VEGF . Promotion of vascularization by

cotransplanted HSCs have been reported to prolong islet survival®’.
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Experimental Part

3.1 Cell culture

Human pancreatic and hepatic stellate cells were provided from Koc University
Hospital. SCs were maintained in Dulbeccos’s modified Eagles’s medium Nutrient
Mixture F-12 (DMEM:F12) (Gibco) supplemented with 10 % fetal bovine serum
(FBS) (heat inactivated, Gibco) and 1% Penicillin Streptomycin (Sigma) and incubated at
37°C with 5% CO; environment. MING6 cells were donated by Dr. Donald F. Steiner’s
Laboratory from University of Chicago. MING6 cells were cultured in (DMEM) (HG,
Gibco), 10 % FBS, 1 % L-Glutamine (Sigma), 1 % sodium pyruvate (Lonza), and 1 %
Penicillin Streptomycin (Sigma) and incubated at 37°C in a humidified 5% CO,
incubator. Hek293T cells were provided from Dr. Tugba Balci Onder Laboratory from
Koc University. Hek293T cells (up to passage 10) were cultured in DMEM (Gibco) with
%10 FBS, and %1 Penicillin Streptomycin and incubated at 37°C, and %5 CO2 for

transfection experiments.

3.2 Plasmid constructs

pCMV6-AC plasmid including the CCL22 gene was used as template for PCR
based cloning. Primers for PCR were designed to add BamHI and Sall restriction enzyme
recognition sites on either end of the gene. CCL22 gene was amplified by PCR. To
remove undesired salt, enzyme and nucleotides, PCR products were purified by using
Macherey Nagel NucleoSpin® Gel and PCR Clean-up. Then, it was digested with BamHI

and Sall to obtain restriction enzyme recognition site at the ends of gene. Retroviral
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vector pPBABE was also digested with both BamHI and Sall to linearize and then
dephosphorylated by Antartic Phosphatase to prevent self-ligation of plasmid. Both insert
and_recipient vector were run on 1% agarose gel and extracted from gel by using
Macherey Nagel NucleoSpin® Gel and PCR Clean-up kit. Then, CCL22 insert was
ligated into the recipient retroviral vector pPBABE by T4 DNA ligase overnight at 16 °C.
Then, ligated plasmid was transformed into One Shot™ Stbl3™ chemically competent
cells and then inoculated into agar plate containing ampicillin. After 16 h incubation,
colonies were picked and inoculated into LB Broth medium containing ampicillin and
incubated for 16 h. Plasmid DNA was isolated from bacteria culture by using Macherey

Nagel NucleoSpin® Plasmid kit.

Pst1 (6)
Scal (4735) Xbal (184)
Poul (4625) L—‘L% 5LTR » 04,1,
Fspl(4477) A Kpnl (371) s
AmpR Mutant splice dc &
Notl (4134) ¥ Q- Pst1(878)

pBABEpuro | | -

5169 bp % Asc

. pCMV6-AC ¢
//, Truncated gag ‘-\é 5.8 kb Hind IIl

Pstl (1054)

ORI \¢ / BamHI (135 ] & EEE
Kpnl (2935) v / SnaBlI (1375 o Ny
¥LR Vg &7 EcoRI (138¢ v
Xbal (2748) Sall (1398)
MCS
SV40 IEP
Puro

Figure 3. 1. Plasmids used for molecular cloning; retroviral vector pBABE puro as a
recipient vector and pCMV-6AC containing CCL22 gene.
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3.3 Virus production and infection of pancreatic stellate cells

2.5 x 10° Hek 293T cells were seeded into 10 cm petri dish and incubated
overnight. pBabe-GFP was used as control vector for transduction. pBabe-GFP or
pBABE-CCL22 and other vectors; pUMVC pCMV-VSV-G which are necessary for viral
packaging, were transfected to Hek293T cells by using Fugene transfection reagent
(Promega). Next day, medium was changed with fresh medium and incubated overnight
at 37 °C and %5 CO,. Medium containing virus particles were collected and kept at -80
OC. Viruses were 100X concentrated using % 50 (w/v) PEG solution. SCs were seeded in
6 well plate at a density of 10* cells/ well. Next day, cells were infected with retroviruses
(GFP or CCL22) containing 10 pg/ml protamine sulfate (PS) and incubated for 2 days at
37 °C and %35 CO,. Double infection was performed to enhance transduction efficiency.
SCs were selected by adding puromycin at a final concentration of 1pug/ml for 3 days

(Figure 3.2).

@ Prepare plasmids
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Figure 3. 2. Virus production and transduction of SCs.
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3.4 qRT-PCR

Total RNA was extracted using RNA extraction kit from Macherey Nagel
according to manufacturer’s instructions. cDNA was synthesized using Moloney Murine
Leukemia Virus Reverse Transcriptase (M-MLV RT) (Invitrogen). Relative gene
expression levels of CCL22 were detected by using LightCycler” 480 SYBR Green I
Master (Roche). Relative quantification of gene expression was performed using
GAPDH as a housekeeping gene. qRT-PCRs was carried out using the primers in Table

3.1. Gene expression levels were calculated using 2*-AACt method.

Table 3. 1. RT PCR primers for CCL22 gene

Gene Sequence
cal® F 5 ATTACGTCCGTITACCGICTG- 3
R 5 TAGGCTCTTCATTGGCTCAG- 3
F 5 AGCCACATCGCTCAGACAC. 3
hGAPDH R 5 _GCCAATACGACCAAATCC. 3

3.5 CCL22 Protein Determination
9x10* transfected stellate cells were seeded on 6 cm Petri dish and medium was
changed after 2 day. Then, medium was collected at day 5 after seeding and secreted
CCL22 protein levels in serum were determined by Human Quantikine CCL22 ELISA
kit (R&D Systems) following the manufacturer’s instructions.
3.6 Cell Tracker dye staining and heterospheroid formation by hanging drop method
The hanging drop technique was used to form pseudoislets by agglomerating
MING6 or MING6:SCs cells into spheroids (Figure 3.3). To monitor cell distribution of
MING6 and SCs within heterospheroids, SCs were stained with 5 pM Cell Tracker red

(Invitrogen), and MING cells were stained with 5 uM Cell tracker green (Invitrogen) for
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1 h prior to spheroid formation. Different cell densities; 300 and 1000 cells per 30 pl
were prepared for MIN6 homospheroid and MIN6:SCs heterospheroid formation. For
heterospheroid formation, MIN6 and SCs cell suspension were prepared at the ratio of
1:1, 3:1, 5:1, 7:1, 10:1 (MING6 to SCs) in half of MIN6 and half of SCs growth medium
without B mercatoethanol. 30 ul of cell suspension was pipetted onto lids of 10 cm Petri
dishes and inverted lids were placed on 10 cm Petri dish containing phosphate buffered
saline (PBS) with %1 penicillin streptomycin. Droplets were incubated for 3 days at 37

°C and 5% CO2.

.. | Aggregation MIN6: I
’ i ~ | SCs into spheroids Incubation for 3
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Figure 3. 3. Formation of pseudoislets by hanging drop method.
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Viability of pseudoislets was assessed by inclusion dye; fluorescein diacetate
(FDA) and exclusion dye; propidium iodide (PI) staining. Briefly, pseudoislets were
formed by hanging drop method and incubated for 3 days. Pseudoislets were transferred
to phosphate-buffered saline (PBS). Pseudoislets were stained with 8.5 pg/ml PI and 42.4
ng/ml FDA. After 5 min incubation at dark, islets were washed with PBS and then
visualized and photographed under fluorescent microscopy. Viable cells were stained
green and dead cells were stained red. Percentage of viable cells and area of pseudoislets
were estimated by using imageJ software. The mean and standard deviation of viable cell

numbers were also calculated.

3.8 Metabolic activity of pseudoislets

Intracellular ATP activity and apoptosis of pseudoislets were measured using
CellTiter Glo (Promega), and caspase3/7 Glo (Promega) assay. The CellTiter-Glo is a
method to determine number of viable cells in culture based on ATP quantification. The
amount of ATP is directly proportional to number of viable cells present in culture.
Caspase-Glo 3/7 Assay is also a luminescent assay. It measure caspase 3 and 7 activities
by the help of proluminescent caspase 3/7 substrate, which contains tetrapeptide
sequence DEVD and it is cleaved to release aminoluciferin used in light production.

Briefly, 15 pseudoislets formed by hanging drop method were picked in 120 pl
cell culture medium and transferred to a 96-well plate. Then, 60 ul of each reagent was
added to each well. Cell culture medium was contained half of B mercapto free MIN6
growth medium and half of SCs growth medium. Islets were incubated for 15 min

200rpm at dark for ATP activity. To determine apoptosis, incubation for 5 min 200rpm
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and then static incubation up to 1.5 h at dark was performed. ATP and caspase activity
were read on a microplate reader (Synergy H1 Hybrid Multi-Mode Microplate Reader;

Bio-Tek).

3.9 Functionality of Pseudoislets

Insulin secretion from pseudoislets was measured by static incubation. Briefly, 20
pseudoislets were picked and plated on cell culture insert (12 um) in 1 ml krebs-ringer
buffer (KRB) containing 2.8 mM glucose (low glucose) and incubated for 1 h. Then low
glucose treatment was repeated and medium was collected. Inserts containing
pseudoislets were transferred to Iml high glucose KRB containing 28mM glucose (high
glucose) and incubated for 1 h. KRB media were collected and stored at -20°C until
usage. Insulin was measured using the mouse insulin ELISA kit (Mercodia) and the
manufacturer’s instructions were followed. To quantify insulin release, stimulation index

was calculated as a ratio of high glucose to low glucose state.

3.10 Transplantation of Pseudoislets

All in vivo experiments were approved by the institution review boards of Koc
University. 8-9 week aged male CDI1 mice were used for in vivo experiment. 400
pseudoislets formed by hanging drop method were implanted into abdominal external
oblique muscle of recipient mouse. 10 day after transplantation, tissues from recipient

mice were isolated and analyzed using flowcytometer (Figure 3.4).
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Figure 3. 4. Implantation of 400 pseudoislets into abdominal external oblique muscle of
mouse. Tissue was retrieved on day 10 and analyzed by flow cytometer.

3.11 Flow Cytometry

It is a cell analysis technique, which gives highly specific information about
individual cells. It can measure the volume of cells, which are labeled with different
fluorescent dye, in flowing fluid stream as they passed in front of viewing aperture.

Tissue was retrieved at day 10 after transplantation to mouse and analyzed for
Treg recruitment. Briefly, cells were isolated from tissues by mechanically disrupting the
tissue in serum free RPMI medium and passed through 70 pm strainers in order to
prevent aggregate formation. Cells were counted and adjusted to a maximum of 10000
cells/ul. True-Nuclear FoxP3 Mouse T-Reg Flow Kit (Biolegend) was used to detect
CD4'FoxP3" Tregs in tissues. 20 pul of Anti-Mouse CD4 APC/CD25 PE antibody
cocktail was added to the bottom of 15x75 mm Falcon tubes and 100 pl of sample was
added onto the antibody cocktail, mixed with vortexing and incubated for 15 minutes in
the dark at RT. An unstained sample tube was used for autofluorescence detection. 2 ml

of staining buffer containing PBS with 0.5% (w/v) BSA was added and tubes were
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centrifuged at 400 g for 5 minutes. The supernatant was discarded and cells were fixed
and permabilized by adding Iml of 1X Transcription Factor Perm Buffer and centrifuged
for 5 minutes at 400 g. Pellet was resuspended with 100 pl of 1X Transcription Factor
Perm Buffer. 5 pl of Anti-Mouse FoxP3-Alexa488 antibody was added to the stained
tubes and samples were incubated for 30 minutes in the dark at RT. Cells were washed
twice with 2ml 1X Transcription Factor Perm Buffer for 5 minutes at 400 g. Supernatant
was discarded and pellet was resuspended with 500 pl of staining buffer. 10° cells were
analyzed with BD Accuri C6 Flow Cytometer and using Accuri C6 Software (Becton

Dickinson). CD25+FoxP3+ cells under CD4+ gate were determined as Tregs.

3.12. Statistical Analysis

Statistical analysis was performed using Graph Pad Prism 6 software and the
results were depicted as mean + standard deviation (SD). Multiple comparisons between
groups were analyzed by two-way ANOVA followed by Tukey post hoc testing, p < 0.05

was considered statistically significant.
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Chapter 4

Results and Discussion
4.1 Results

4.1.2 3D co-culture of MING cells and SCs by hanging drop method

MING6 B-cells were aggregated into spheroids called pseudoislets to mimic naive
islet morphology. The hanging drop method was applied to form MIN6 homospheroids
and MIN6:SCs heterospheroids. 30 pl of cell suspension containing either only MIN6 or
MING6 and SC cells were dropped onto the lids of a cell culture Petri dish. Lids were
inverted and cells were incubated for 3 days at 37 °C. Next, we investigated effects of
initial cell number (300 and 1000), effect of stellate cell type (HSC and PSC), and ratio
of MIN6 to SC cells in the heterospheroid (1:1, 3:1, 5:1, 7:1,10:1) on the growth and
formation of pseudoislets.

To observe MING cells and SCs within heterospheroid, cells were labeled with
two different cell tracking dyes prior to spheroid formation and visualized under a
fluorescent microscopy (Figure 4.1 and 4.2). We were able to obtain heterospheroids
morphologically similar to real islets by hanging drop method for all conditions studied.
Heterospheroids composed of MING6 cells coated with SCs at a 1:1 ratio (MING6 to SCs)
as shown in Figure 4.1 and Figure 4.2. As expected, spheroids that initially contained
1000 cells as initial cell number were larger than those with only 300 cells. In addition,

darkening in pseudoislets was observed with increasing cell number (Figure 4.2)
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Figure 4. 1. Distribution of MING6 cells and SCs within 3D spheroids. Cells were stained
with 5 uM cell tracker dye for 1h, prior to spheroid formation. Initial cell concentration
was 300 cells per 30 pl and different MING6 cells to SCs ratio (1:1, 3:1, 5:1, 7:1, 10:1)
were used for heterospheroid formation. Hanging drop method was carried out and cells
were incubated within droplet for 3 days. After 3 days, pseudoislets were visualized and
photographed under fluorescent microscopy. (MIN6: green ; SCs: red). (Scale bar: 250

um).
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MIN6:HSC MING6:PSC
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Figure 4. 2. Distribution of MING6 cells and SCs within 3D spheroids. Cells were stained
with 5 uM cell tracker dye for 1h, prior to spheroid formation. Initial cell concentration
was 1000 cells per 30 pl and different MING cells to SCs ratio (1:1, 3:1, 5:1, 7:1, 10:1)
were used for heterospheroid formation. Hanging drop method was carried out and cells
were incubated within droplet for 3 days. After 3 days, pseudoislets were visualized and
photographed under fluorescent microscopy. (MIN6: green ; SCs: red). (Scale bar: 250

um).

31



Chapter 4: Results and Discussion

4.1.2 Viability of MING6:SCs pseudoislets

Viability of cells in pseudoislets was assessed by FDA-PI staining assay and
visualized under fluorescent microscopy. We obtained high percentage of green area
compared to red domains indicating the presence of higher amount of viable cells in the
heterospheroid (Figure 4.3 and 4.4). As expected, high amount of red area was observed

in larger spheroids, which initially contained 1000 cells.

32



Chapter 4: Results and Discussion

MIN6:HSC MN6:PSC

Figure 4. 3. Viability of pseudoislets by FDA-PI staining. Live cells were stained by
FDA as green, and dead cells were stained by PI as red and then examined and
photographed under fluorescent microscopy. 300 cells per 30 pl as an initial cell number
and different cell ratios (1:1, 3:1, 5:1, 7:1, 10:1) MIN6 to SCs were used for spheroid
formation. (Scale bar: 250 pum).
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MIN6:HSC MN6:PSC

Figure 4. 4. Viability of pseudoislets by FDA-PI staining. Live cells were stained by
FDA as green, and dead cells were stained by PI as red and then examined and
photographed under fluorescent microscopy. 1000 cells per 30 pl as an initial cell
number and different cell ratios (1:1, 3:1, 5:1, 7:1, 10:1) MING6 to SCs were used for
spheroid formation. (Scale bar: 250 pm).
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We also studied the comparison of 1:1 and 3:1 ratio of MIN6: SCs ratios to
ensure sufficient amounts of SCs required for local immunosuppression. Cell viability in
pseudoislets in FDA/PI stained cells was calculated using ImagelJ software. (Figure 4.5A
and B).

For an initial cell number of 300, we obtained similar viability in MIN6:HSC
heterospheroids (92+4% for 1:1 and 91+6% for 3:1) compared to MIN6 homospheroids
(92+4%). However, significantly lower viabilities were observed in MIN6:PSC
heterospheroids (86+6% for 1:1 and 83+4% for 3:1). Decreased viabilities were observed
in larger pseudoislets compared to smaller ones as expected.

For an initial cell number of 1000, decreased viabilities were observed in
MING6:PSC heterospheroids (73+6% for 1:1 and 71+15% for 3:1). Interestingly, slightly
higher viabilities were measured with MIN:HSC heterospheroids (87+4% for 1:1 and
3:1) compared to that of MIN6 homospheroids (83+10%). These observations suggested
that HSCs slightly promoted viability of pseudoislets, while PSCs negatively affected

viability of pseudoislets (Figure 4.5C)
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Figure 4. 5. Comparison of pseudoislet viabilities in altered groups. Viability was
measured using imageJ program. Initial cell concentration; 300 cells (A) and 1000 cells
(B) per 30 pl. Survival rate of pseudoislets were calculates by normalizing viability of
heterospheroids to homospheroids. (C) Cell ratios; 1:1 and 3:1 MING6 to SCs. Mean+SD.
**E*p<0.0001. ***p<0.001 **p<0.01. *p<0.05.
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The sizes of the area and diameter of pseudoislets were also calculated using
Image] software (Figure 4.6). We obtained significantly larger pseudoislets with higher
initial cell numbers as expected. For both initial cell numbers of 300 and 1000, similar
morphologies were found in MIN6:HSC heterospheroids and MIN6 homospheroids.
Average diameters for 1:0, 1:1 and 3:1 MIN6 to HSC heterospheroid ratios and 300
initial cell number were measured as 109.3 um, 109.8 um and 104.4 um, respectively.
We obtained significantly larger heterospheroid diameters for MIN6:PSC compared to
that of MIN6:HSC heterospheroids with both initial cell numbers of 300 and 1000.
Average diameters measured for MIN6:PSC heterospheroid ratios of 1:1 and 3:1 were

128.2 um and 123.5 pum, respectively.
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Figure 4. 6. Comparison of pseudoislet sizes in altered groups. Diameters (A-B) and
areas (C-D) of spheroids were calculated using imageJ program. Different initial cell
concentrations; 300 cells and 1000 cells per 30 pl as an initial cell number and 1:1 and
3:1 MING6 to SCs ratio were used for heterospheroid formation. Mean+SD.
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Effects of different types of SCs (HSC or PSC) on the viability and apoptosis of
MING6 pseudoislets were investigated by measuring intracellular ATP and caspase level.
ATP and caspase amounts of heterospheroids were normalized with respect to control
group (MIN6 homospheroids). For both spheroid sizes, we observed lower ATP levels in
MIN6:HSCs heterospheroids compared to that of MIN6:PSCs heterospheroids (Figure
4.7A). Interestingly, caspase activity was found only slightly higher in MIN6:HSC
heterospheroids compared to MIN6:PSC heterospheroids for both initial cell numbers of
300 and 1000. Figure 4.7B indicates normalized caspase activity of heterospheroids to
MIN6 homospheroids. When we normalized to caspase activity of MIN6:SC
heterospheroids to MIN6 homospheroids, we obtained almost half times increased

apoptotic activity in heterospheroids.
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Figure 4. 7. Cellular activity of pseudoislets with different initial cell number and with
different type of SCs. For intracellular ATP activity (A) and caspase 3/7 activity (B), 15
islets were picked in 120 pl medium and 60 pl reagent was added on each well. All
experiments were performed in triplicate. Both cell survival rate and apoptotic activity in
heterospheroids were normalized to homospheroid. **p<0.01. *p<0.05 statistical
significance compared to homospheroid as control. Mean+SD.
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4.1.3 Functionality of MIN6:SCs Pseudoislets

Insulin secretion from pseudoislets were analyzed via static incubation of
pseudoislets in KRB solution with different glucose concentration. Then stimulation
index (SI) was determined by calculating the ratio of insulin secreted by pseudoislet at
high glucose buffer to the amount of insulin secreted at low glucose buffer. Stimulation
index, which is greater than 1, indicates functional pseudoislets, which can respond to

high glucose secreting more insulin compared to insulin secretion at low glucose.

insulin secretion at high glucose

stimulation index = (4.1)

insulin secretion at low glucose

We observed that MIN6:SCs pseudoislets prepared by hanging drop method were
functional and could secrete insulin in response to buffers with altered glucose
concentrations (Figure 4.8A and B). In general, a slightly higher stimulation index with
MIN6:HSC pseudoislets than for MIN6:PSC pseudoislets was measured. We found that
pseudoislets prepared with 300 initial cell number in the droplet were more functional
and had slightly higher stimulation index values compared to pseudoislets with 1000
initial cells. This result may suggest that increasing cell number in the droplet negatively

influences insulin secretion from pseudoislets.
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Figure 4. 8. Insulin secretion from MIN6:SCs pseudoislets in response to glucose
concentration chance. Pseudoislets were incubated in low glucose (2.8mM) and high
glucose (28mM) solutions for 1 h for each. Then, supernatants were collected and
analyzed by Insulin ELISA. Stimulation index was calculated as a ratio of insulin
secretin in high glucose state to low glucose state in both sizes of pseudoislets; 300 cells
(A) and 1000 cells (B). Cell ratios; 1:1 and 3:1 MING6 to SCs. Mean+SD
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4.1.4 Preparation of Pseudoislets containing MING cells transfected HSCs
We managed to observe secretion of CCL22 protein from HSCs via transduction
of HSCs by pBABE retroviral vector. We characterized the mRNA CCL22 level by RT-

PCR (Figure 4.9A) and protein level from transfected HSCs using human CCL22/MDC

Quantikine ELISA kit (Figure 4.9B)
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Figure 4. 9. CCL22 expression in transfected HSCs. HSCs were transfected with
retroviral pBABE-CCL22 or pBABE-GFP as control. CCL22 mRNA levels in
transfected HSCs were analyzed by qPCR and CCL22 expression was normalized to
GAPDH (control gene) (n=3)(A). CCL22 protein expression in transfected HSCs was

determined by CCL22 ELISA (B).
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We obtained more viable and functional pseudoislets with 300 cells as initial cell
number and hence continued subsequent experiments with low initial cell number.
Viability of cells in pseudoislets was again assessed by FDA/PI staining assay and
visualized under a fluorescent microscope (Figure 4.10). We tested the effects of
incorporation of transfected stellate cells in the heterospheroid structure on the viability
of pseudoislets and calculated percentage viability of pseudoislets using FDA/PI assay.
Next, stained cells in heterospheroids were quantified using Image] software. We
obtained high percentage of green area showing live cells compared to red area indicating

dead cells (Figure 4.10).

MIN6:HSC-CCL22 MN6:PSC-CCL22

Figure 4. 10. Viability of pseudoislets containing MIN6 cells and transfected SCs by
FDA-PI staining. Live cells were stained by FDA as green, and dead cells were stained
by PI as red and then examined and photographed under fluorescent microscopy. Initial
cell number was 300 cells per 30 ul. Cell ratios; 1:1 and 3:1 MIN6 to SCs. (Scale bar:
250 pm).

44



Chapter 4: Results and Discussion

We calculated the viability of pseudoislets using imagelJ software (Figure 4.11).
We obtained similar viabilities with MIN6:HSC heterospheroids where HSCs were
transfected for CCL22 secretion. Viabilities were measured as 96+2% for 1:1 and 95+1%
for 3:1 heterospheroids, where MIN6 only homospheroids had a viability of 95+2%.
However, slightly decreased viability was observed with MIN6:PSC heterospheroids
where PSCs were transfected for CCL22 secretion (93+4% for 1:1 and 90+4% for 3:1

ratios).
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Figure 4. 11. Viability of pseudoislets prepared with MIN6:SC heterospheroids where
SCs were transfected for CCL22 secretion. Viability was measured using imagelJ
program (A). Survival rate of pseudoislets were calculates by normalizing viability of
heterospheroids to homospheroids (B). Initial cell number; 300. Cell ratios; 1:1 and 3:1
MING to SCs. Mean+SD. *p<0.05.
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Next, we investigated morphological changes in transfected pseudoislets
compared to MIN6 only control group (Figure 4.12). We observed similar spheroid sizes
formed by aggregation of MIN6 cells and transfected SCs same as MING6 cells and SCs
(Figure 4.3). Average of diameters were 110 pm for MIN6 homospheroids, 105 and 111
um for MIN6:HSC heterospheroids (1:1 and 3:1, respectively), and 109 and 117 um for

MING6:PSC heterospheroids (1:1 and 3:1, respectively)
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Figure 4. 12. Size of pseudoislets. Diameter (A) and area (B) of spheroids were
calculated using imagelJ program. Initial cell number; 300. Cell ratio; 1:1 and 3:1 MIN6
to SCs. Mean+SD
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Next, we measured intracellular ATP activity as further evidence for cell
viability. We normalized ATP activity of MIN6:SCs heterospheroids with respect to
MING6 homospheroids. We obtained increased intracellular ATP levels in heterospheroid
group where SCs were transfected with GFP (MIN6:SC-GFP). Intracellular ATP activity
for CCL22 transfected SC heterospheroids, either with PSC or with HSC, were similar to
the ATP activity measured for MIN6 homospheroids. This suggested that the use of
transfected HSCs or PSCs that secrete CCL22 protein did not compromise the viability
of heterospheroids. Furthermore, similar effects of HSC and PSC on the viability of
heterospheroids prepared with altered initial cell numbers were observed. (Figure 4.13)
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Figure 4. 13. Intracellular ATP activity of MING6:transfected SC heterospheroids. 15
islets were picked in 120 pl medium and 60 pl reagent was added on each well. All
experiments were performed in triplicate. **p<0.01. *p<0.05 statistical significance
compared to homospheroid as control. Mean+SD.
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4.1.5 Recruitment of Tregs to CCL22 expressing pseudoislets

We obtained more viable and functional pseudoislets with 300 cells as initial cell
number. Since we also needed sufficient amount of CCL22 expression by SCs in
heterospheroids for Treg recruitment, we selected 1:1 cell ratios (MING6 to SCs) for the in
vivo experiments. 400 pseudoislets were implanted into abdominal external oblique
muscle of recipient mouse. 10 day after transplantation, tissues from recipient mice were
isolated and analyzed using flowcytometer. Percentage of FoxP3" cells in the CD4" cell
population indicates presence of Tregs in a graft. We found more than 4 fold higher
Tregs in MIN6:HSC-CCL22 heterospheroids compared to MIN6 homospheroids. In
addition, we found over 2 fold-increase in the recruitment of Tregs with MIN6:SCs-GFP
heterospheroids compared to that of MIN6 homospheroids (Figure 4.14). Recruitment of
Tregs to the implantation site by only GFP transfected SCs indicated that SCs had also
potential to recruit some Tregs towards their vicinity by their nature. Implanted
heterospheroids containing MIN6 cells and transfected SC cells secreting CCL22,
promoted significant recruitment of Tregs towards the implantation site (Figure 4.14 and

Figure 4.15).
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Figure 4. 14. Recruitment of Tregs in vivo. Pseudoislets (~400) were implanted into
abdominal external oblique muscle of male CD1" mouse. Tissue was retrieved 10 days
post transplantation and recruitments of Tregs were proved by flow cytometer for
CD4+CD25+FoxP3+ cells.
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Figure 4. 15. Recruitment of Tregs in vivo. Percentage of FoxP3" cells in the CD4+ cell
population indicates presence of Tregs in graft.
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4.2 Discussion

Type I diabetes is an organ specific disease caused by autoimmune destruction of
insulin secreting pancreatic  cell. Although transplantation of pancreatic islet is a
promising approach for treatment of type I diabetes, it is limited by factors such as lack
of suitable donors and usage of systemic immunosuppressive drugs to prevent graft
rejection’®. Therefore, there is an increasing unmet need for transplantable islets, which

6061 ‘However, viability and functionality of

are mostly isolated from brain-dead patients
these pancreatic islets are unfavorably affected by brain death ®. Thus, researches have
focused on creating pseudoislets that mimic naive islets for treatment of type 1 diabetes.
In this study, one of our aims was to address challenges of acquiring high islet numbers
and repeated islet isolation by forming pseudoislets through aggregation of MING6 cells.
HSCs can regulate immune system through expanding Tregs and inhibiting T cell
responses >~ ' It has been also showed that cotransplantation of islets with HSCs
have protected islet grafts from rejection by forming immune barrier such as inhibition of

113 However, there are a few studies showing effects PSCs on

T cell or recruiting Tregs
pancreatic B cells. According to previous studies, co-culture of PSCs with mouse islet or
RINSF rat pancreatic B cells impairs their function by reducing insulin expression and

promoting apoptosis >' >

. In this study, for the first time, we have prepared pseudoislets
comprising of SCs and MING6 cells as an alternative model system. We focused on the
immunomodulatory potential of both transfected PSCs and HSCs for creation of local

immune-privileged environment and to avoid usage of immunosuppressive drugs for

transplantation of islets. Hence, we have chosen 1:1 and 3:1 MING6 to SC cell ratio to
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ensure sufficient amount of CCL22 secretion by transfected SCs and to obtain an
immunologically privileged microenvironment. We compared effects of both HSCs and
PSCs on the viability and functionality of MING6 cells in spheroids. We have showed that
smaller pseudoislets had higher viability than larger pseudoislets in all cell ratios (Figure
4.5). Viability of MIN6 homospheroids was 92+4% with 300 cells as initial cell number,
whereas it decreased to 83+10% with 1000 cells as initial cell number. As shown
previously, small islets were favorable for successful transplantation due to minimized

H4115 For this reason,

hypoxia whereas larger islets suffered from poor nutrient transport
we suggested suitable initial cell number as 300 cells for heterospheroid formation and
continued further experiments with small islets.

In addition, we have showed that PSCs reduced viability of pseudoislets whereas
HSCs slightly increased (Figure 4.5C). With 300 initial cells, we obtained viability as
924+4% for 1:1 and 91+6% for 3:1 (MIN6 to HSC ratio); however, it was calculated as
86+6% for 1:1 and 83+4% for 3:1 (MIN6 to PSC ratio). On the contrary, we found
significantly higher intracellular ATP level in MIN6:PSCs heterospheroids (Figure
4.7A). Intracellular ATP activity indicates metabolic activity and hence the presence of
viable cells; however, we obtained larger pseudoislets with PSCs compared to HSCs.
Thus, this large size of heterospheroids was the reason for high ATP level. In addition,
we found increased apoptotic activity in all heterospheroids compared to homospheroids
(Figure 4.7B). Previous studies demonstrated that PSCs would compromise insulin

31-32

secretion and viability of islets. . In the present study, we did not observe significant

reduction of insulin secretion from heterospheroids (MIN6:HSCs and MIN6:PSCs)
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compared to homospheroids although there were slight decreases in stimulation index of
MING6:PSC  heterospheroids  (Figure 4.8). We concluded that MIN6:HSCs
heterospheroids are morphologically more similar to MIN6 homospheroids and they are
more viable and functional than MIN6:PSCs heterospheroids.

Secretion of CCL22 from cancer cells enable them to escape from immune
system. Recently, CCL22-based recruitment of Tregs to islet graft site has been
considered to protect B cells from autoimmune attack and long-term protection of islet
allografts from rejection was achieved by implantation of CCL22 plasmid in vivo. This
strategy prevented autoimmune disease through recruiting Tregs and other immune cells
like iNKT cells and pDCs to graft site as CCR4 receptor involved in Treg migration are
found also on the membrane of other immune cell subsets, which probably modulate

118 n the present study, SCs were transfected by retroviral vector to

local autoimmunity
express CCL22 protein and we tested effects of transfected SCs and secretion of CCL22
on viability of heterospheroids. We obtained similar effects of transfected SCs on
morphology and viability of heterospheroids compared to untransfected SCs (Figure 4.5,
4.6,4.11, and 4.12). Average viability of MIN6:HSC-CCL22 heterospheroids was found
slightly higher than MIN6:PSC-CCL22 heterospheroids (MIN:HSC-CCL22; 96+2% for
1:1 and 95+1% for 3:1 and MIN6:PSC-CCL22; 93+4% for 1:1 and 90+4% for 3:1).
Viability of MIN6 homospheroids was calculated as 95+2% which is similar to

MIN6:HSC-CCL22. Moreover, we found similar intracellular ATP level in all groups

(Figure 4.13).
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Consequently, we indicated that transfection of SCs and CCL22 secretion from
pseudoislets did not adversely affect morphology and viability of heterospheroids. In
addition, we showed HSCs are more promising compared to PSC for heterospheroid
formation. Thus, we formed MIN6:HSC heterospheroids and implanted 400 pseudoislets
to external abdominal oblique muscle of CD1" mouse to test our model system in vivo
and prove recruitment of Tregs to graft site. We showed increased number of Tregs with
the presence of SCs in pseudoislets and even higher percentage of Tregs with the
expression of CCL22 from SCs (Figure 4.14.) We obtained lower Tregs with
homospheroids to control ones, which were only PBS implanted. Other CD4" cells could
have attacked to MING6 pseudoislets; thus, it shows that our pseudoislet model expressing
CCL22 was able to minimize immune attack after transplantation.

Although harnessing of CCL22 chemokine or co-culture of pancreatic islets with
SCs for islet transplantation have been reported, as far as our knowledge, this is the first
study that integrates CCL22 to the heterospheroids comprising MIN6 cells and
transfected SCs, which express CCL22 protein to provide graft tolerance. Here we
combined two novel immunomodulation approaches (usage of SCs and CCL22
chemokine) into one promising model system. With this system, we aimed to overcome
not only requirement of immunosuppressive drugs prevent graft rejection but also
repeated islet isolation and donor limitation. In addition, manipulating immune cells
trafficking by CCL22 gene therapy and harnessing SCs may be a novel therapeutic
approach for not only diabetes but also for other type of autoimmune diseases and

organ/tissue transplantation.
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Chapter 4: Results and Discussion

For further experiments, implantation of these pseudoislets into a diabetic mouse
model can be tested to show immunomodulation effects and promotion of
vascularization. Activation and migration of other immune cells to implantation site can
be investigated in a diabetic mouse model. Thus, prevention of graft rejection can be

achieved with this system.
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Chapter 5: Conclusion

Chapter 5

Conclusion

In summary, we have tested effects of different types of stellate cells on viability and
functionality of MING6 cells when placed together in heterospheroid. We designed a
local-immune privileged environment to prevent graft rejection, recruiting Tregs to graft
site. Stellate cells were transfected to express a chemokine, CCL22, which can recruit
Tregs. This chemokine is also secreted from cancer cells to evade immune destruction
therefore attracted us to utilize it in our system. Viable and functional pseudoislets
prepared with MIN6 and stellate cells were formed using the hanging drop method. We
have observed that transduction of HSCs to express CCL22 did not have a detrimental
effect on the viability and functionality of pseudoislets and also we showed that our
model system enhance recruitment of Tregs to the implantation site. Stellate cells have
also excellent angiogenesis promotion capabilities thereby making this strategy even
more promising for clinical translation to provide a way to transplant islets without the
use of immunosuppressive drugs. Moreover, manipulating the migration of Tregs and
solving the vascularization issues may also be a novel therapeutic approach for other

autoimmune diseases and tissue/organ transplantation.

58



BIBLIOGRAPHY

1. Kepsutly, B.; Nazli, C.; Bal, T.; Kizilel, S., Design of Bioartificial Pancreas with
Functional Micro/Nano-Based Encapsulation of Islets. Curr Pharm Biotechno 2014,
15(7),590-608.

2. Roncarolo, M. G.; Battaglia, M., Regulatory T-cell immunotherapy for
tolerance to self antigens and alloantigens in humans. Nature Reviews Immunology
2007, 7 (8), 585-598.

3. Figliuzzi, M.; Bonandrini, B.; Silvani, S.; Remuzzi, A., Mesenchymal stem cells
help pancreatic islet transplantation to control type 1 diabetes. World | Stem Cells
2014, 6 (2), 163-72.

4, Ferretti, C.; La Cava, A., Adaptive immune regulation in autoimmune
diabetes. Autoimmun Rev 2016, 15 (3), 236-41.
5. Wallberg, M.; Cooke, A., Immune mechanisms in type 1 diabetes. Trends

Immunol 2013, 34 (12), 583-91.

6. MacDonald, K. G.; Orban, P. C.; Levings, M. K., T regulatory cell therapy in
transplantation: stability, localization and functional specialization. Curr Opin Organ
Transplant 2012, 17 (4), 343-8.

7. Marek-Trzonkowska, N.; Mysliwec, M.; Siebert, J.; Trzonkowski, P., Clinical
application of regulatory T cells intype 1 diabetes. Pediatric Diabetes 2013, 14 (5),
322-332.

8. McMurchy, A. N.; Bushell, A.; Levings, M. K.; Wood, K. ]., Moving to tolerance:
Clinical application of T regulatory cells. Seminars in Immunology 2011, 23 (4), 304-
313.

0. Kingsley, C. I.; Nadig, S. N.; Wood, K. ], Transplantation tolerance: lessons
from experimental rodent models. Transplant International 2007, 20 (10), 828-841.
10.  Issa, F.; Wood, K. J., The potential role for regulatory T-cell therapy in
vascularized composite allograft transplantation. Curr Opin Organ Transplant 2014,
19 (6), 558-65.

11. Velthuis, J. H.; Mol, W. M.; Weimar, W.; Baan, C. C., CD4+CD25bright+
regulatory T cells can mediate donor nonreactivity in long-term immunosuppressed
kidney allograft patients. Am J Transplant 2006, 6 (12), 2955-64.

12. Lee, M. K. t.; Moore, D. ].; Jarrett, B. P.; Lian, M. M,; Deng, S.; Huang, X,;
Markmann, J. W.; Chiaccio, M.; Barker, C. F.; Caton, A. ].; Markmann, ]. F., Promotion
of allograft survival by CD4+CD25+ regulatory T cells: evidence for in vivo
inhibition of effector cell proliferation. ] Immunol 2004, 172 (11), 6539-44.

13.  Facciabene, A.; Motz, G. T.; Coukos, G., T-regulatory cells: key players in
tumor immune escape and angiogenesis. Cancer Res 2012, 72 (9), 2162-71.

14. Elinav, E.; Nowarski, R.; Thaiss, C. A.; Hu, B.; Jin, C. C.; Flavell, R. A,
Inflammation-induced cancer: crosstalk between tumours, immune cells and
microorganisms. Nature Reviews Cancer 2013, 13 (11), 759-771.

15. Jacobs, . F.; Nierkens, S.; Figdor, C. G.; de Vries, . ].; Adema, G. ]., Regulatory T
cells in melanoma: the final hurdle towards effective immunotherapy? Lancet Oncol
2012,13 (1), e32-42.

59



16. Montane, ].; Obach, M.; Alvarez, S.; Bischoff, L.; Dai, D. L.; Soukhatcheva, G.;
Priatel, |. ].; Hardenberg, G.; Levings, M. K,; Tan, R.; Orban, P. C.; Verchere, C. B,
CCL22 Prevents Rejection of Mouse Islet Allografts and Induces Donor-Specific
Tolerance. Cell Transplant 2015, 24 (10), 2143-54.

17. Montane, ].; Bischoff, L.; Soukhatcheva, G.; Dai, D. L.; Hardenberg, G.; Levings,
M. K;; Orban, P. C,; Kieffer, T.].; Tan, R.; Verchere, C. B,, Prevention of murine
autoimmune diabetes by CCL22-mediated Treg recruitment to the pancreatic islets.
J Clin Invest 2011, 121 (8), 3024-8.

18. Bischoff, L.; Alvarez, S.; Dai, D. L.; Soukhatcheva, G.; Orban, P. C.; Verchere, C.
B., Cellular mechanisms of CCL22-mediated attenuation of autoimmune diabetes. |
Immunol 2015, 194 (7), 3054-64.

19.  Fotino, N.; Fotino, C.; Pileggi, A., Re-engineering islet cell transplantation.
Pharmacol Res 2015, 98, 76-85.
20. Cantarellj, E.; Piemonti, L., Alternative transplantation sites for pancreatic

islet grafts. Curr Diab Rep 2011, 11 (5), 364-74.

21.  McCall, M,; Shapiro, A. M., Islet cell transplantation. Semin Pediatr Surg 2014,
23 (2),83-90.

22. Staels, W.; De Groef, S.; Heremans, Y.; Coppens, V.; Van Gassen, N.; Leuckx, G.;
Van de Casteele, M.; Van Riet, I,; Luttun, A.; Heimberg, H.; De Leu, N., Accessory cells
for beta-cell transplantation. Diabetes Obes Metab 2016, 18 (2), 115-24.

23. Jiang, G.; Yang, H. R.; Wang, L.; Wildey, G. M.; Fung, ].; Qian, S.; Lu, L., Hepatic
stellate cells preferentially expand allogeneic CD4+ CD25+ FoxP3+ regulatory T
cells in an IL-2-dependent manner. Transplantation 2008, 86 (11), 1492-502.

24, Schildberg, F. A.; Woijtalla, A.; Siegmund, S. V.; End], E.; Diehl, L.; Abdullah, Z;
Kurts, C.; Knolle, P. A., Murine hepatic stellate cells veto CD8 T cell activation by a
CD54-dependent mechanism. Hepatology 2011, 54 (1), 262-72.

25. Yang, H. R; Chou, H. S;; Gu, X.;; Wang, L.; Brown, K. E.; Fung, J. ].; Lu, L.; Qian, S,,
Mechanistic insights into immunomodulation by hepatic stellate cells in mice: a
critical role of interferon-gamma signaling. Hepatology 2009, 50 (6), 1981-91.

26. Yang, H. R; Hsieh, C. C;; Wang, L.; Fung, |. J.; Lu, L.; Qian, S., A critical role of
TRAIL expressed on cotransplanted hepatic stellate cells in prevention of islet
allograft rejection. Microsurgery 2010, 30 (4), 332-7.

27. Charles, R.; Chou, H. S.; Wang, L.; Fung, |. ].; Lu, L.; Qian, S., Human hepatic
stellate cells inhibit T-cell response through B7-H1 pathway. Transplantation 2013,
96 (1), 17-24.

28. Tang, D.; Gao, ].; Wang, S.; Yuan, Z.; Ye, N.; Chong, Y.; Xu, C,; Jiang, X.; Li, B.; Yin,
W.; Miao, Y.; Wang, D.; Jiang, K., Apoptosis and anergy of T cell induced by pancreatic
stellate cells-derived galectin-1 in pancreatic cancer. Tumour Biol 2015, 36 (7),
5617-26.

29. Ene-Obong, A.; Clear, A. ].; Watt, ].; Wang, ].; Fatah, R.; Riches, ]. C.; Marshall, J.
F.; Chin-Aleong, |J.; Chelala, C.; Gribben, ]. G.; Ramsay, A. G.; Kocher, H. M., Activated
pancreatic stellate cells sequester CD8+ T cells to reduce their infiltration of the
juxtatumoral compartment of pancreatic ductal adenocarcinoma. Gastroenterology
2013, 145 (5),1121-32.

30. Mace, T. A.; Ameen, Z.; Collins, A.; Wojcik, S.; Mair, M.; Young, G. S.; Fuchs, ]. R;;
Eubank, T. D.; Frankel, W. L.; Bekaii-Saab, T.; Bloomston, M.; Lesinski, G. B.,
Pancreatic cancer-associated stellate cells promote differentiation of myeloid-

60



derived suppressor cells in a STAT3-dependent manner. Cancer Res 2013, 73 (10),
3007-18.

31. Kikuta, K.; Masamune, A.; Hamada, S.; Takikawa, T.; Nakano, E.;
Shimosegawa, T., Pancreatic stellate cells reduce insulin expression and induce
apoptosis in pancreatic beta-cells. Biochem Biophys Res Commun 2013, 433 (3), 292-
7.

32. Zang, G.; Sandberg, M.; Carlsson, P. O.; Welsh, N.; Jansson, L.; Barbu, A,
Activated pancreatic stellate cells can impair pancreatic islet function in mice. Ups |
Med Sci 2015, 120 (3), 169-80.

33. Hajizadeh-Saffar, E.; Tahamtani, Y.; Aghdami, N.; Azadmanesh, K.; Habibi-
Anbouhi, M.; Heremans, Y.; De Leu, N.; Heimberg, H.; Ravassard, P.; Shokrgozar, M.
A.; Baharvand, H., Inducible VEGF Expression by Human Embryonic Stem Cell-
Derived Mesenchymal Stromal Cells Reduces the Minimal Islet Mass Required to
Reverse Diabetes. Scientific Reports 2015, 5.

34. Olaso, E.; Salado, C.; Egilegor, E.; Gutierrez, V.; Santisteban, A.; Sancho-Bru, P.;
Friedman, S. L.; Vidal-Vanaclocha, F., Proangiogenic role of tumor-activated hepatic
stellate cells in experimental melanoma metastasis. Hepatology 2003, 37 (3), 674-
85.

35. Masamune, A.; Kikuta, K.; Watanabe, T.; Satoh, K.; Hirota, M.; Shimosegawa,
T., Hypoxia stimulates pancreatic stellate cells to induce fibrosis and angiogenesis in
pancreatic cancer. Am | Physiol Gastrointest Liver Physiol 2008, 295 (4), G709-17.
36. Bynigeri, R. R.; Jakkampudi, A.; Jangala, R.; Subramanyam, C.; Sasikala, M.;
Rao, G.V.; Reddy, D. N.; Talukdar, R., Pancreatic stellate cell: Pandora's box for
pancreatic disease biology. World ] Gastroenterol 2017, 23 (3), 382-405.

37. Yin, Z.; Wu, W,; Fung, ]. J; Ly, L.; Qian, S., Cotransplanted hepatic stellate cells
enhance vascularization of islet allografts. Microsurgery 2007, 27 (4), 324-7.

38.  Kojima, N,, In vitro reconstitution of pancreatic islets. Organogenesis 2014,
10 (2), 225-30.
39.  Bhaiji, T,; Zhi, Z. L.; Pickup, J. C., Improving cellular function and immune

protection via layer-by-layer nanocoating of pancreatic islet ss-cell spheroids
cocultured with mesenchymal stem cells. ] Biomed Mater Res A 2012, 100A (6),
1628-1636.

40. Herold, K. C.; Vignali, D. A.; Cooke, A.; Bluestone, J. A., Type 1 diabetes:
translating mechanistic observations into effective clinical outcomes. Nat Rev
Immunol 2013, 13 (4), 243-56.

41. van Belle, T. L.; Coppieters, K. T.; von Herrath, M. G., Type 1 diabetes:
etiology, immunology, and therapeutic strategies. Physiol Rev 2011, 91 (1), 79-118.
42. Gan, M. ].; Albanese-O'Neill, A.; Haller, M. ]., Type 1 diabetes: current concepts
in epidemiology, pathophysiology, clinical care, and research. Curr Probl Pediatr
Adolesc Health Care 2012, 42 (10), 269-91.

43. Atkinson, M. A,; Eisenbarth, G. S.; Michels, A. W., Type 1 diabetes. Lancet
2014, 383 (9911), 69-82.

44, American Diabetes, A., Diagnosis and classification of diabetes mellitus.
Diabetes Care 2012, 35 Suppl 1, S64-71.

45. Lehuen, A.; Diana, J.; Zaccone, P.; Cooke, A., Immune cell crosstalk in type 1
diabetes. Nat Rev Immunol 2010, 10 (7), 501-13.

61



46. Kakleas, K.; Soldatou, A.; Karachaliou, F.; Karavanaki, K., Associated
autoimmune diseases in children and adolescents with type 1 diabetes mellitus
(T1DM). Autoimmun Rev 2015, 14 (9), 781-97.

47. O'Brien, B. A.; Huang, Y.; Geng, X.; Dutz, ]. P.; Finegood, D. T., Phagocytosis of
apoptotic cells by macrophages from NOD mice is reduced. Diabetes 2002, 51 (8),
2481-8.

48.  Atkinson, M. A;; Eisenbarth, G. S., Type 1 diabetes: new perspectives on
disease pathogenesis and treatment. Lancet 2001, 358 (9277), 221-9.

49, Bode, B. W.; Sabbah, H. T.; Gross, T. M.; Fredrickson, L. P.; Davidson, P. C.,
Diabetes management in the new millennium using insulin pump therapy. Diabetes
Metab Res Rev 2002, 18 Suppl 1, S14-20.

50. Hermansen, K.; Fontaine, P.; Kukolja, K. K.; Peterkova, V.; Leth, G.; Gall, M. A.,,
Insulin analogues (insulin detemir and insulin aspart) versus traditional human
insulins (NPH insulin and regular human insulin) in basal-bolus therapy for patients
with type 1 diabetes. Diabetologia 2004, 47 (4), 622-9.

51. Lenhard, M. |.; Reeves, G. D., Continuous subcutaneous insulin infusion: a
comprehensive review of insulin pump therapy. Arch Intern Med 2001, 161 (19),
2293-300.

52. Scheiner, G.; Sobel, R. ].; Smith, D. E.; Pick, A. ].; Kruger, D.; King, |.; Green, K,
Insulin pump therapy: guidelines for successful outcomes. Diabetes Educ 2009, 35
Suppl 2, 29S-418S; quiz 28S, 42S-43S.

53.  Renard, E., Implantable closed-loop glucose-sensing and insulin delivery: the
future for insulin pump therapy. Curr Opin Pharmacol 2002, 2 (6), 708-16.

54, Lakey, ]. R.; Mirbolooki, M.; Shapiro, A. M., Current status of clinical islet cell
transplantation. Methods Mol Biol 2006, 333, 47-104.

55.  Gruessner, A. C.,, 2011 update on pancreas transplantation: comprehensive
trend analysis of 25,000 cases followed up over the course of twenty-four years at
the International Pancreas Transplant Registry (IPTR). Rev Diabet Stud 2011, 8 (1),
6-16.

56. Jenssen, T.; Hartmann, A.; Birkeland, K. I., Long-term diabetes complications
after pancreas transplantation. Curr Opin Organ Transplant 2017, 22 (4), 382-388.
57. Scharp, D. W,; Lacy, P. E.; Santiago, ]. V.; McCullough, C. S.; Weide, L. G.; Falqui,
L.; Marchetti, P.; Gingerich, R. L.; Jaffe, A. S.; Cryer, P. E; et al,, Insulin independence
after islet transplantation into type I diabetic patient. Diabetes 1990, 39 (4), 515-8.
58. Kepsutly, B.; Nazli, C.; Bal, T.; Kizilel, S., Design of bioartificial pancreas with
functional micro/nano-based encapsulation of islets. Curr Pharm Biotechnol 2014,
15(7),590-608.

59. Farney, A. C.; Sutherland, D. E.; Opara, E. C., Evolution of Islet Transplantation
for the Last 30 Years. Pancreas 2016, 45 (1), 8-20.

60. Ryan, E. A,; Lakey, . R.; Paty, B. W.; Imes, S.; Korbutt, G. S.; Kneteman, N. M.;
Bigam, D.; Rajotte, R. V.; Shapiro, A. M., Successful islet transplantation: continued
insulin reserve provides long-term glycemic control. Diabetes 2002, 51 (7), 2148-
57.

61. Ryan, E. A; Lakey, . R.; Rajotte, R. V.; Korbutt, G. S; Kin, T.; Imes, S.;
Rabinovitch, A;; Elliott, ]. F.; Bigam, D.; Kneteman, N. M.; Warnock, G. L.; Larsen, [.;
Shapiro, A. M,, Clinical outcomes and insulin secretion after islet transplantation
with the Edmonton protocol. Diabetes 2001, 50 (4), 710-9.

62



62. Contreras, |. L.; Eckstein, C.; Smyth, C. A,; Sellers, M. T.; Vilatoba, M.; Bilbao, G.;
Rahemtulla, F. G.; Young, C.].; Thompson, ]. A.; Chaudry, 1. H.; Eckhoff, D. E., Brain
death significantly reduces isolated pancreatic islet yields and functionality in vitro
and in vivo after transplantation in rats. Diabetes 2003, 52 (12), 2935-42.

63. Bernard, A. B; Lin, C. C.; Anseth, K. S., A microwell cell culture platform for
the aggregation of pancreatic beta-cells. Tissue Eng Part C Methods 2012, 18 (8),
583-92.

64. Persaud, S.].; Arden, C.; Bergsten, P.; Bone, A. ].; Brown, J.; Dunmore, S;
Harrison, M.; Hauge-Evans, A.; Kelly, C.; King, A.; Maffucci, T.; Marriott, C. E.;
McClenaghan, N.; Morgan, N. G.; Reers, C.; Russell, M. A.; Turner, M. D.; Willoughby,
E.; Younis, M. Y.; Zhi, Z. L.; Jones, P. M., Pseudoislets as primary islet replacements
for research: report on a symposium at King's College London, London UK. Islets
2010, 2 (4), 236-9.

65.  Gao, B.; Wang, L.; Han, S.; Pingguan-Murphy, B.; Zhang, X.; Xu, F., Engineering
of microscale three-dimensional pancreatic islet models in vitro and their
biomedical applications. Crit Rev Biotechnol 2016, 36 (4), 619-29.

66. Britt, L. D.; Stojeba, P. C.; Scharp, C. R.; Greider, M. H.; Scharp, D. W., Neonatal
pig pseudo-islets. A product of selective aggregation. Diabetes 1981, 30 (7), 580-3.
67. Halban, P. A.; Wollheim, C. B.; Blondel, B.; Meda, P.; Niesor, E. N.; Mintz, D. H.,
The possible importance of contact between pancreatic islet cells for the control of
insulin release. Endocrinology 1982, 111 (1), 86-94.

68. Tze, W.],; Taj, ]., Preparation of pseudoislets for morphological and
functional studies. Transplantation 1982, 34 (4), 228-31.

69. Hopcroft, D. W.; Mason, D. R; Scott, R. S., Insulin secretion from perifused rat
pancreatic pseudoislets. In Vitro Cell Dev Biol 1985, 21 (8), 421-7.

70. Halban, P. A.; Powers, S. L.; George, K. L.; Bonner-Weir, S., Spontaneous
reassociation of dispersed adult rat pancreatic islet cells into aggregates with three-
dimensional architecture typical of native islets. Diabetes 1987, 36 (7), 783-90.

71. Montesano, R.; Mouron, P.; Amherdt, M.; Orci, L., Collagen matrix promotes
reorganization of pancreatic endocrine cell monolayers into islet-like organoids. J
Cell Biol 1983, 97 (3), 935-9.

72. Schroder, D.; Wegner, U.; Besch, W.; Zuhlke, H., Characterization of pseudo-
islets formed from pancreatic islet cell suspensions of neonatal rats. Mol Cell
Endocrinol 1983, 32 (2-3), 179-93.

73. Kuo, C.Y.; Herrod, H. G.; Burghen, G. A., Formation of pseudoislets from
human pancreatic cultures. Pancreas 1992, 7 (3), 320-5.

74. Farkas, G.; Joo, F., Simple and reliable conditions for routine, long-term
culturing of fetal human pancreatic tissue fragments. Diabetes 1984, 33 (12), 1165-
8.

75. Lin, R. Z.; Chang, H. Y., Recent advances in three-dimensional multicellular
spheroid culture for biomedical research. Biotechnol ] 2008, 3 (9-10), 1172-84.

76. Wollheim, C. B.; Meda, P.; Halban, P. A., Establishment and culture of insulin-
secreting beta cell lines. Methods Enzymol 1990, 192, 223-35.

77. Gazdar, A. F.; Chick, W. L,; Oie, H. K;; Sims, H. L.; King, D. L.; Weir, G. C.; Lauris,
V., Continuous, clonal, insulin- and somatostatin-secreting cell lines established
from a transplantable rat islet cell tumor. Proc Natl Acad Sci U S A 1980, 77 (6),
3519-23.

63



78. Jo,Y. H.; Nam, B. M; Kim, B. Y.; Nemeno, ]. G; Lee, S.; Yeo, . E.; Yang, W.; Park,
S.H,; Kim, Y. S;; Lee, |. L., Pseudoislet of hybrid cellular spheroids from commercial
cell lines. Transplant Proc 2013, 45 (8), 3113-7.

79. Joo,D.].; Kim, ]. Y,; Lee, J. I; Kim, Y. S.; Fang, Y. H.; Jeong, ]. H.; Kim, M. S.; Huh,
K. H., Impact of coculture with ischemic preconditioned hepatocellular carcinoma
cell line (Hep-G2) cells on insulin secreting function of rat insulin-secreting cell line
(RIN-5F) cells. Transplant Proc 2012, 44 (4), 1099-103.

80. Joo, D.],; Kim, ]. Y,; Lee, ]. ,; Jeong, ]. H.; Cho, Y.; Ju, M. K,; Huh, K. H.; Kim, M. S;;
Kim, Y. S., Manufacturing of insulin-secreting spheroids with the RIN-5F cell line
using a shaking culture method. Transplant Proc 2010, 42 (10), 4225-7.

81. Kim, J. Y.,; Kim, H. W,; Bae, S. ].; Joo, D. ].; Huh, K. H,; Fang, Y. H.; Cho, Y.; Jeong,
J. H.; Kim, Y. S.; Lee, |. I,, Hybrid cellular spheroids from hepatocellular carcinoma
and insulin-secreting cell lines. Transplant Proc 2012, 44 (4), 1095-8.

82. Hanahan, D., Dissecting multistep tumorigenesis in transgenic mice. Annu
Rev Genet 1988, 22, 479-519.

83. Efrat, S.; Linde, S.; Kofod, H.; Spector, D.; Delannoy, M.; Grant, S.; Hanahan, D.;
Baekkeskov, S., Beta-cell lines derived from transgenic mice expressing a hybrid
insulin gene-oncogene. Proc Natl Acad Sci U S A 1988, 85 (23),9037-41.

84. Efrat, S.; Leiser, M.; Surana, M.; Tal, M.; Fusco-Demane, D.; Fleischer, N.,
Murine insulinoma cell line with normal glucose-regulated insulin secretion.
Diabetes 1993, 42 (6),901-7.

85. D'Ambra, R;; Surana, M.; Efrat, S.; Starr, R. G.; Fleischer, N., Regulation of
insulin secretion from beta-cell lines derived from transgenic mice insulinomas
resembles that of normal beta-cells. Endocrinology 1990, 126 (6), 2815-22.

86. Knaack, D.; Fiore, D. M.; Surana, M.; Leiser, M.; Laurance, M.; Fusco-DeMane,
D.; Hegre, O. D.; Fleischer, N.; Efrat, S., Clonal insulinoma cell line that stably
maintains correct glucose responsiveness. Diabetes 1994, 43 (12), 1413-7.

87. Miyazaki, |J.; Araki, K.; Yamato, E.; Ikegami, H.; Asano, T.; Shibasaki, Y.; Oka, Y.;
Yamamura, K., Establishment of a pancreatic beta cell line that retains glucose-
inducible insulin secretion: special reference to expression of glucose transporter
isoforms. Endocrinology 1990, 127 (1), 126-32.

88. Chowdhury, A.; Dyachok, O.; Tengholm, A.; Sandler, S.; Bergsten, P.,
Functional differences between aggregated and dispersed insulin-producing cells.
Diabetologia 2013, 56 (7), 1557-68.

89. Schulze, T.; Morsi, M.; Bruning, D.; Schumacher, K.; Rustenbeck, ., Different
responses of mouse islets and MIN6 pseudo-islets to metabolic stimulation: a note
of caution. Endocrine 2016, 51 (3), 440-7.

90. Luther, M. |.; Hauge-Evans, A.; Souza, K. L.; Jorns, A.; Lenzen, S.; Persaud, S. J.;
Jones, P. M., MIN6 beta-cell-beta-cell interactions influence insulin secretory
responses to nutrients and non-nutrients. Biochem Biophys Res Commun 2006, 343
(1), 99-104.

91. Kelly, C.; Guo, H.; McCluskey, ]. T.; Flatt, P. R.; McClenaghan, N. H., Comparison
of insulin release from MIN6 pseudoislets and pancreatic islets of Langerhans
reveals importance of homotypic cell interactions. Pancreas 2010, 39 (7), 1016-23.
92. DeFranco, A. L., Immunology. Tolerance: a second mechanism. Nature 1989,
342 (6248), 340-1.

64



93. Romagnani, S., Immunological tolerance and autoimmunity. Intern Emerg
Med 2006, 1 (3), 187-96.

94.  Espinosa, ]. R; Samy, K. P,; Kirk, A. D., Memory T cells in organ
transplantation: progress and challenges. Nat Rev Nephrol 2016, 12 (6), 339-47.

95.  Wood, K. ].; Goto, R., Mechanisms of rejection: current perspectives.
Transplantation 2012, 93 (1), 1-10.

96.  Alegre, M. L,; Florquin, S.; Goldman, M., Cellular mechanisms underlying
acute graft rejection: time for reassessment. Curr Opin Immunol 2007, 19 (5), 563-8.
97. Zarkhin, V,; Li, L.; Sarwal, M., "To B or not to B?" B-cells and graft rejection.
Transplantation 2008, 85 (12), 1705-14.

98.  Cyster,]. G., B cell follicles and antigen encounters of the third kind. Nat
Immunol 2010, 11 (11), 989-96.

99.  Van Belle, T.; von Herrath, M., Inmunosuppression in islet transplantation. J
Clin Invest 2008, 118 (5), 1625-8.

100. Bruni, A.; Gala-Lopez, B.; Pepper, A. R.; Abualhassan, N. S.; Shapiro, A. ]., Islet
cell transplantation for the treatment of type 1 diabetes: recent advances and future
challenges. Diabetes Metab Syndr Obes 2014, 7, 211-23.

101. Shapiro, A. M.; Pokrywczynska, M.; Ricordi, C., Clinical pancreatic islet
transplantation. Nat Rev Endocrinol 2017, 13 (5), 268-277.

102. Nishikawa, H., [Regulatory T cells in cancer immunotherapy]. Rinsho Ketsueki
2014, 55 (10), 2183-9.

103. Yoshie, O.; Matsushima, K., CCR4 and its ligands: from bench to bedside. Int
Immunol 2015, 27 (1), 11-20.

104. Yu, K;; Chen, Z.; Khatri, I.; Gorczynski, R. M., CCR4 dependent migration of
Foxp3+ Treg cells to skin grafts and draining lymph nodes is implicated in enhanced
graft survival in CD200tg recipients. Immunol Lett 2011, 141 (1), 116-22.

105. Elinav, E.; NowarsKi, R.; Thaiss, C. A.; Hu, B.; Jin, C.; Flavell, R. A,,
Inflammation-induced cancer: crosstalk between tumours, immune cells and
microorganisms. Nat Rev Cancer 2013, 13 (11), 759-71.

106. Yagi, H.; Soto-Gutierrez, A.; Parekkadan, B.; Kitagawa, Y.; Tompkins, R. G;
Kobayashi, N.; Yarmush, M. L., Mesenchymal stem cells: Mechanisms of
immunomodulation and homing. Cell Transplant 2010, 19 (6), 667-79.

107. Shi, M,; Liu, Z. W.; Wang, F. S., Immunomodulatory properties and
therapeutic application of mesenchymal stem cells. Clin Exp Immunol 2011, 164 (1),
1-8.

108. Wang, Y.; Chen, X.; Cao, W.; Shi, Y., Plasticity of mesenchymal stem cells in
immunomodulation: pathological and therapeutic implications. Nat Immunol 2014,
15(11),1009-16.

109. Phillips, P. A;; McCarroll, |. A,; Park, S.; Wu, M. ].; Pirola, R.; Korsten, M.;
Wilson, |. S.; Apte, M. V., Rat pancreatic stellate cells secrete matrix
metalloproteinases: implications for extracellular matrix turnover. Gut 2003, 52 (2),
275-82.

110. Gressner, A. M.; Weiskirchen, R., Modern pathogenetic concepts of liver
fibrosis suggest stellate cells and TGF-beta as major players and therapeutic targets.
J Cell Mol Med 2006, 10 (1), 76-99.

65



111. Passino, M. A.; Adams, R. A;; Sikorski, S. L.; Akassoglou, K., Regulation of
hepatic stellate cell differentiation by the neurotrophin receptor p75NTR. Science
2007, 315 (5820), 1853-6.

112. Chou, H. S;; Hsieh, C. C; Yang, H. R;; Wang, L.; Arakawa, Y.; Brown, K;; Wu, Q.;
Lin, F,; Peters, M.; Fung, ].].; Lu, L.; Qian, S., Hepatic stellate cells regulate immune
response by way of induction of myeloid suppressor cells in mice. Hepatology 2011,
53 (3),1007-19.

113. Chen, C. H;; Kuo, L. M,; Chang, Y.; Wu, W.; Goldbach, C.; Ross, M. A.; Stolz, D. B,;
Chen, L.; Fung, ]. ]; Lu, L,; Qian, S., In vivo immune modulatory activity of hepatic
stellate cells in mice. Hepatology 2006, 44 (5), 1171-81.

114. Bhaiji, T.; Zhi, Z. L.; Pickup, ]. C., Improving cellular function and immune
protection via layer-by-layer nanocoating of pancreatic islet beta-cell spheroids
cocultured with mesenchymal stem cells. ] Biomed Mater Res A 2012, 100 (6), 1628-
36.

115. Cavallari, G.; Zuellig, R. A;; Lehmann, R.; Weber, M.; Moritz, W., Rat pancreatic
islet size standardization by the "hanging drop" technique. Transplant Proc 2007,
39 (6),2018-20.

66



