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ABSTRACT

Emily Crafton Moorefield

STEM CELL-BASED REGENERATIVE PHARMACOLOGY FOR THE
TREATMENT OF DIABETES MELLITUS

Dissertation under the direction of
Colin Bishop, Ph.D.,
Professor, Wake Forest Institute for Regenerative Medicine

Stem celbased regenerative pharmacology is aimeedablising stem and
progenitor cells as effective tte@ent for preventing disease affiacilitating organ
replacement orepair. Diabetes mellitus (DM) is a group of chronic metabolic disorders
characterized by high blood glucose levdlgpe 1 DM (T1DM) is a lack of insulin
production caused by autoimmune destructn o -tellstwhike Type 2 DM [2DM)
is insulin resistance in peripheral tissulkat leadst o -ceb exhaustion Chronic
hyperglycemia leads to serious long term complicatioh®nsplantabn of whole
pancreas or isolated islets gm®mising approaasto restore insulin production these
patients; bwever, the severe shortage of organ donors and risk of allogeneic graft
rejection have limited this treatmerfstem cells are an attractivaarting source for
producing pancreatic lineage derivatives to be used in treatm@&l afs a form of cell
replacement therapy, immunotherapy and in attempts to model diabetic disease
phenotypesn vitro for identification of novel drug target&mniotic fluid stem(AFS)
cellsarealonglived, bankable cell sourgeossessingxtensivedifferentiation capacity
We found that by genetic manipulation and culture condition modifications, AFS cells
can be induced to produce insuylinaking them a potential source of renewable insulin
producing celt for celtreplacement therapyn DM patients We also discovered that
AFS cells possess immunomodulatory prtips and are able to inhibiymphocyte
activationby release of soluble famts in vitro. This quality makes AFS tis an ideal
candidate for celbased immunomodulation in early stages of T1DM to prevent the
autoimmune response or in combination with allogemsét transplantatiomo prevent
rejection.Finally, we developegbluripotent stem cellsembryonic stem (ES) celsnd
induced pluripotent stem (iPS) celt®ntaining adeficiency inHNF4A expressiorthat is
known to cause a form of monogenic T2DRaturity onset diabetes of the youhg
(MODY1). Pluripotent stem cellgeficient inHnf4a a genewhiclh as a kno-wn r ol
cell development anéunction, were used to model pancreatic developrireritro as a
means to study the progression of disease pathology. We identified several genes
potentially regulated byANF4A in the gut tube endoderm stage of pancreatic lineage
differentiation which may lead to identification of novel drug targets to tieM.
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INTRODUCTION

Regenerative Pharmacology

Degenerative diseases are a growing epidemic. Regenerative pharmacology is a
form of therapy aimed at preventing and repairing the progressive cell destruction that is
the cause of these generative diseases. This approach works to identify useful
molecular targetsfor regenerative and therapeutic purposes. By restoring the
develgpment and function of tissues and organs, regenerative pharmacology has the
ability to improve theragis for human disease. Stem <dmbked regenerative
pharmacologysupports theuse of stem cells for derivation of novel therapeutics.
Ultimately, stem ceHbased regenerative pharmacologyns to establish stem and
progenitor cells as effective tteaents for preventing disease and facilitating organ

replacement orepair.

The mission to maintaila n d r e-cell onase thrbugh stem cdlased
regenerative medicinled us to explorseveral possibilitiesThe posdiilities outlined in
this dissertationinclude (1) cell replacement therapy through isolation andvitro
differentiation of stem and progeoitcells, (2)exploitation of immumsuppressive and
antrinflammatory properties of stem cells and (8¢velopment of anin vitro system
using pluripotent stem cellpatientspecific iPS and knoeklown ES containing a

diabetic genotypéor disease modeling arttug discovery.



Diabeteanellitus

Diabetes mellitus is a group of endocrine disorders characterized by
hyperglycemia resulting from inadequate insulin production, release or actiormaiwvo
types of diabetes existyge 1 diabetes mellitus (TLDM) and type 2 diabetes mellitus
(T2DM), each with distinct pathophysiology leading to elevated blood glucose levels.
T1DM is diagnosed during childhood and is characterimethe complete lack of insulin
production caused bgutoimmune destructionf dhe insulinp r o d u ecells ig théd
endocrine pancreafl, 2]. Patients with T1DM are dependent on exogenous insulin to

maintain blood fycose homeostag8].

T2DM is the most common form of the disease and accounts {#86%0d all
diagnosed casdd]. T2DM is the result of insulin resistanceperipheraltissue[5]. The
pancreas increases insulin secretion to overcome impaired insulin action, a practice which
eventuallywears out thé-cells[6, 7]. As e x h acalls dreend lorfger able to produce
sufficient amounts of insulin, T2DM patients also become dependent on exogenous
insulin delivery to maintain normoglycemia. Teegactcause of T2DM remains unknown
but several genes have been associated with the disedsnvironmental factorare

also likely involved §].

A subset of T2DM termednaturity onset diabetes of the youQgODY) is
present in 5% of the T2DM population and characterized by singlgene defects of
t he pan-celt which alter itsbfunction9]. This form of noninsulin demelent
diabetes has autosomal dominant inheritance that develops before the age of 25 and

presents primarily as a defect of insulin secretion in response tosgludhe primary



genes affected arthose encoding thereyme glucokinase (GCK/MODYZ)0] and the
transciption factors hepacyte nuclear facte4 UHNEF4A/MODY1) [11], hepatocyte
nuclear factor b ( HMNJWOD®B3) [12], pancreatic and duodenddlomeoba 1

(PDX1/MODY4) [13], hepabcyte nuclear factor -  ( H MNFODX5) [14], and
neurogenic diffegntiation 1 (NEUR®1/MODY6) [15].

Treatment of diabetes and the associated complications involves great cost. The
estimated healthcare expenditure associated with treatingSt8emillion Americars
affected by the disease is 1Bdlion dollars per yearf16]. Even in cases where relative
normoglycemia is achieved through careful blood glucose monitoring, delivery of insulin
analogs and strict diet control, numerous kegn complicationsarise including renal
failure, cardiovascular disease, stroke, retinopathy, neunppartid other vascular
disorders[2, 17]. These facts make the search for a cure for diabetes more urgent than

ever.

Cell Replacement Therapy

A critical goal indiabetes treatment is automatic maintenance of blood glucose
homeostasis. Insulin replacement therapy has improved significantly since the advent of
long and short acting insulin analogs. T1DM patients benefit from a rangeswdin
replacement options enT2DM patients also require exogenonsulin therapy as they
r e a echll exhaustion lting from insulinresistancg18]. Unfortunately, normal
glucose horeostasis remains difficult to achieve with current methodgxaigenous

insulin delivery[19]. A device capable of sensing blood glucose levels and releasing



appropriate levels of insulin in response would be an ideal thefapyever the
development of such a device ha®ven difficult [20]. Cellbased therapy is another
option thatmay close this gap in the treatment of diabefdse focus of cetbased
therapies must be on replacement of inspliaducing cells while taking the immune
response into account.

Transplantation of # whole pancreas or of isolated insgpiroducing cells is a
promising approach in the treatment of DM. Currently pancreatic transplantation is most
often performed on patients with insulilependent TIDM who also have resulting-end
stage renaldisease. Irthese cases, a simultaneous panekelieey transplant, usually
derived from a cadaver, is performed to stabilize both conditions. This approach results in
maintenance of glucose homeostasis someimprovementin secondary complications
but also carries with it some rigR1-23]. The immunosuppressive drug therapy required
for allogeneic transplantation is associated with seriousesfdets and up to 20 percent
of trarsplantations fail within the first year due to technical prolsl®r rejectiorj24].

Islet cell transplantation has gained attention since the successful transplantation
of cadaver deéved islets into T1DM patient§25]. Islets transplanted vithe hepatic
portal vein of DM patients led to achievement of improvegtabolic control, insulin
independace and enhanced quality of lif@6]. However, the severe shortage of islet
donors and the need to combine pancreatic tissue from two or more doachseie the
therapeutic dose of 10,000 islet eqientskg has limitedthe usefulness of this approach
[27]. A follow-up studyof patients who received islet transplantatadso revealed that
76%revertedback to insulindependencwithin 2 yeard28]. The primary reason for i

relapse seems to be loss of transplanted isletstauengraftment failure Possible



explanations of this type ofailure include insufficient vascularization, immune
destruction, toxicity of immunosuppressive drugs/andhsufficient transplanted isle
masg29].

The significant drawbacks in current treatment options have led to the
investgation of alternatig treatment methods. This dissertation will focus on (1)
amniotic fluid stem cells as an alternatistarting cellsour ¢ e -delorepladement, (2)
amniotic flud stem celbased immunosuppression to mediate residual autoimmune
processes and block rejection associated alltdgeneic transplantation aii@) HNF4A
deficientst em cel | -oeb deeelopmerdn vibd for potential drug discovery

assays

Endocrine Pancreas Organogenesis

A critical factor in developing cell replacement therapies for DM is the ability to
efficiently achieve glucoseesponsive, insuliproducing cells for transplantatioithe
process of differentiating stem cells toward an endocrine pancreas cell fate is ideally
based on signaling which occurs during normal development, theraiderstanding
pancreatiorganogenesis a critical step in differentiation of stem cells toas insulin
producing cellsn vitro (Figure 1)

The first distinction in development occurs during gastrulation wheeit@ast
is separated into the threemary germ layers: ectoderm, mesoderm and endoderm. The
endoderm is the innenost layer andorms the lining of the gut, lung, liver and pancreas.
Endoderm development is initiated by signalinghwNodal, a member of the TG

family of secreted growth factors. Nodal is expressed in the anterior regions of the



primitive streak and embryos comtaig Nodal defects do notedelop mesoderm or
endodern30]. Cells exposed to continuous high levels of Nodal signaling develop into
endoderm and those exposeddwér levels become mesodefB0]. Nodal signaling is
critical in the anterioposterior patterning of the embryo whiestablishes the body axis
[31]. Also important in te development oflefinitive endodermOE) is Wnt3 signaling
which stimulates and maints elevated Nodal signalin[2]. Like Nodal, Wnt3 is
expressed in the primitive streak and Wnt3 deficient embryos doewetagy mesoderm
or endoderni{33]. As a result of Nodal signaling, transcription fastsuch as Mixike
proteins FOXA2, SOX17 and GAN4-6 are turned on to define the cells and commit
them to an endodermal fgi&1].

Gut tube fomation occurs after gastrulation when the-pagterned endodermal
layer elongates. The gut tube is subdivided into three main regions: foregut, midgut and
hindgut. The pancreas eventually develops from the foregut region. Signaling pathways
involved in establishing the gut tube include fibroblast growth factor (FGF), hedgehog
(HH) and retinoic acid (RA). The notochord is in close contact with portions of the gut
tube endoderm and is thought to release soluble factors that repress HH signaling and
promote pancreaticdevelopment in those ared84]. RA has beenimplicated in
establishing the anterigoosterior (AP) patterning of the gut which is cracfor normal
developmenf35].

Following early endodermal pattengj, the developing gut tube is further divided
into organ specific areas. The pancreas arises from the foregut epithelium which also
develops into esophagus, trachea, lungs, thyroid, stomach, liver and bile ducts. FGF

works during this stage in a dedepexdent manner with low levels inding PDX1



expression in the ventral pancreas and duodef86n37]. BMP is another important
signal at this stage originating from the septum transversum mesoderm to inhibit
pancreatic development and indubepatic development38]. Repression of HH
signaling inthe notochord by FGF2 and agti allows for expression odPDX1 which
causes pancreatic specificatipd9-42]. As development progresses and the distance
between thenotochord and dorsal gut tulkextends signals from the dorsal Ha,
possibly VEFG, maintairPDX1 expression[43]. Expansion of thd?DX1 pancreatic
progenitors requires FGF10 mediated signaling which is providedivo by the
mesenchymal cellgl4].

The PDX1 expressing pancreatic pragtor cells within the gut tube endoderm
proceed to branch out from the gut tube both dorsally or ventrally. These are the
pancreatic buds and they contain precursor cells that can be specified to either endocrine
or exocrine cell types. Interactions been the endoderm and mesoderm regulate the
differentiation at tis stage[45]. Following budding, the pancreatic progenitors begin to
proliferate, form branches and eventually fuse to become a single organ. After bud
formation and specification to the endocrine lineage, additional signals are necessary to
define the type of hormoreach cell will produceNGN3 is a bHLH transcription factor
that responds to Notch signaling and specifies endocrine fate. DetedN&NS
expression is found only in those progenitor cells wilitbecome insulimppr odu€i ng D
cells [46]. Howeve, not much is known about thetex acel | ul ar scellgnal s
specification from theNGN3 positive pancreatic endoderm. As a result of this laick

knowledge, this final step af vitro b-cell differentiation is the least efficient.



The adult pacreasconsistsof both exocrine and endocriell types. Exocrine
cells make up abo@5% of the total pancreatic mass. Clusters of endocrine cells, called
the islets of Lagerhans, are embedded within the exocrine acinar cells. The function of
the exocrine pancreas is to produce secretory products critical for digestion including the
digedive enzymes trypsin, lipase, amylase, carboxypeptidase and bicarbonate. These
enzymes are synthesized and secreted fh@rekocrine acinar cells ariden drained to
the duodenum througla network of pancreatic duct3he islets of Lagerhans are
typically comprised of 10A000 endocrine cells, approximately 60% diieh are the
insulinpr odueallg(4y]. b The i sl et-selallssowhincH ugdecrlet e
cells which secrete somatostaind PRcells which secrete pancreatic polypeptide. The
function of insulin is to decrease blood glucose levels by increasing glycogen synthesis in
liver and muscle dks andincreasing fatty acidsyn¢ths i s i n adi poecek#s ti ssu
are charactered by their glucose responsive insulin release alonly @ipression of
other key factorincluding cpeptide, a byproduct afe novansulin production, GLUZ,
a cell membrane glucose transporgerdPDX1, atramas cr i pti on f aalt or r e
function. Glucagon has complementary effects and functions to increase blood glucose
levels. Somatostatin finely regulates the amount of insulin and glucagon that is released.
The function of PP is unknown.

As mentioned abovehe primary function bthe pancreatid-cells is production
and controlled release of the hormone insulin. Insulin acts to stimulate glucose uptake
and storage and primarily affectingells of the muscle, liver and fat. In the muscle,
insulin functions to enhance glucose ugtand stimulate the conversion of glucose to

glycogen. In hepatocytes, insulin presence inhibits glycogenolysis and gluconeogenesis.



And in adipocytes, insulin promotes glucose cosiagr to glycerol which then forsn
triglycerides and prevents lypolysishi$ process is highly reqult e d-cels sre &ble to
process and secrete insulin in response to varying amounts of circulating glucose.
Glucose responsive insulin secretion is coordinated by the production of high levels of
ATP with increasing glucose ooentration. ATP induces potassiumagl) channel
closure which leads to membrane depolarization, calcium channel opeining and influx of
calcium. High levels of intracellular calcium casshe release of insulin fronthe
secretory v-eeh Chehiealscompounds iaee albo been shown to have the

ability to regulate insulin secreti@nd are currently being used clinically in the treatment

of DM.
Embryonic pancreas development VEGF
HH
TGF-p -
RA Acini
PI3K \wnt BMP rgp HH cor Notchpcp BMP
LVl 1V Iy ¥ ot O
——— ——— ED] — Ve PANC | ) —
Islets of
d-panc Lagerhans
Pluripotent Definitive GutTube Pancreatic Pancreatic Mature
Inner Cell Mass Endoderm Endoderm Progenitor Endoderm Pancreas
In vitro pluripotent stem cell differentiation
RA EX-4
Activin A FGF7 DAPT
Wnt3A FGF7 Noggin or-
Low serum Noggin KAAD EGF in vivo
PSC DE GTE PP PE B

Figure 1. Endocrine pancreas organogenesigind in vitro pluripotent stem cell
diff erentiation. The endocrine pancreas develops in five distinct stages in response to a

variety of growth factorsln vitro pluripotent stem cell differentiatioprotocols aimto



recapitulate the sequence of developmental events that occur @gurmng pancreatic
specification Efficiency decreases over the courseirofvitro differentiation and is
represented by open circles. Reported efficiencies at the DE stage is about 90%, GTE

80%, PP 50%, PE 50% andd8ll 7-25%.

Cell replacement strategifés the treatment of diabetes mellitus

Current islet cell replacement strategies have revealed the e f i t of i ncr
cell numbers in the treatment of DM. However, the donor shortage prevents islet
transplantation from being an option for every DM patient. Several additmeigl

replacement therapy strategies are being examined for potential treatment of DM.

Transplamation of stable insuliproducing cell lines is one option that has been
considered a potential therapeutell sourcd48]. Attenpts have been made to generate
b-cell lines from several human pancreatic sources including islets, fetal pancreata and
insulinomas. These attempts have been largely unsuccessful as the cells produced only
low level of insulin forvery fewpassagef49-51]. Successful longerm culture insulin
secretion has been reported from one human insulinoma that is dependerduitnreo
with trophic factors[52]. Additional attempts have been made to transdusman
pancreatic tissue with oncogenes and pancreatic end@péauic genesn attempts to
achieve stable insuliproducing cell linesut have been metith varying degrees of
succes$53-55]. Electrofusion of human beta cells with human ductal epithelial RANC
cells has also reportedly resulted in development of several isolilucing c# lines

[56]. Although thesénsulin-producingcell lines show promise, their utility in cédased
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therapy is lacking as the extent of their insulin production and secretory responses is

inferior to-cplle.i mary human b

An additional method of cell replae me nt t herapy fealr DM
regenerationincluding neogenesis, proliferation and transdifferentiation. €cabviable
treat ment -delbregenératibniMyouldbhave to occur at a higher rate than the
autoimmune breakdown of the cellstosustaa physi ol ogicalanbsb.y f un
Due to a lack of human pancreas regeneration models, conflictinghegi@gists as to
wh et her -célshaenhe Gapacity to regenerd@60]; however, rodent models
clearly demonstrate ith capacity [61]. Several studies have revealed pancreatic
progenitors present in the pancreatic duct epithelium which haveabiigy to
di f f er en-tellsfpP-@&]. Theraso abl s o e wdeldpeoliferagion fn anjury b
models of the regenerating pancreas including partialhcpeatectomized midé5 and
inducibledi pht heri a t o xdells[66. Cellulee seprogamming studibs
reveal exocrine to endocrine transdifent i at i on by ooelespecikicor e s s i
transcripton factors PDX1, MAFA and NGN3 in the mouse pancreag67]. More
recently, forced werexpression of onlyPDX1 beginning at the stage of endocrine

commitmen was al so s hmbweal conversiorféggul t in U

Stem cell sources for replacement insydimoducing cells

A promising alternative for the generation of transplantable ingutducing
cells includes stem and progenitor sources. Many different types of stem cells have been

examined for their ability to form insuliproducing cells as a potential therapy for DM.
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ES cells are derived from the inner cell mass of the blastocyst and are
characterized by their salénewal capacity and ability to differentiate into cellsadf
three germ layer$69]. Undifferentiated ES cells grow in tight coloniegs vitro and
express transcription factors OCT4, SOX2, NANOG, surface antigensl-BRATRAL-

81, SSEA4 and enzyme activities of alkalipdosphatase and telomerafg9).
Significantefforts by several laboratories have focused on generating imsolilucing

cells from pluripotent embryonic stem (ES) cells using a rstdipe approach that
mimics signaling pathways necessary for embryonic pancreatic developnter].

The sequential and combinatorial addition of growth factors and other small molecules
replicate the stages ob-cell differentiation inclding definitive endoderm (DE)
formation, pancreas and endocrine specification, culminatibecell maturatio73].

However, the usefulness of cell therapiesivel from ES cells is limited.
Although a great deal of progress has been made in the pursieveloping insulin
pr odu ecells fom Mpluripotent stem cells, there is still work to be done. The
differentiation process has proven more difficult thaevpuslyanticipated as a result of
complex biochemical mechanisms and other cues critical in cell specification including
mechanical forcg¢74, 75], oxygenation level$76, 77] and substrate compositiofv7].

Even the most efficient protocol reported to date achieves only 25% insulin positive cells
with marginal glucose responsivengs®]. One possible explanation for the lack of
glucose responsiveness may bedbgvation of a more primitivéetal cell rathethan the
mature homolod70]. Inefficient differentiationprotocolsmay alsoleave behind fully
pluripotent stem cells whichave the potential to formetatomas upon transplantation.

Another concerrof ES based cell replacement theraigythe accumulation of genomic
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instabilities and chromosomal aberrations in long term culture of frequeantiedtES

cell lines[78]. In additon, it is likely that differentiated cells derived froallogeneic
pluripotent stem cells will be subject to immune rejection due to their expression of major
histocompatbility antigenjs79-81].

Exciting advances in the stem cell field have demonstrated the ability to generate
autologous, pluripotent stem cells from skin fibroblasts. By introducing genes important
in pluripotency into the adult fibroblast it is possible to reprogram cells back to
pluripotent statg82, 83]. To date,(induced pluripotent stempPS cells appear to be
identical to ES cells in their gene expression patterns, pluripotent differentiation
capabilities and contribution to the germ line in chimeric anirfi@® 83]. However,
several differences in methylation patterns between iPS cells and ES cells as well as
between iPS cellfom different cell sources haveeen eported recently84, 85]. iPS
cells have the same capability to undengovitro differentiation to insuliqproducing
cells using similar developmentally basedqadureq86, 87]. The advantages of this
method of pluripotent stem cell generation include avoiding the ethical and moral
controversy surrounding ES cell researcld atiowing for creation of patient specific
stem cells which could potentially be modified and transplanted back into the donor
without the fear of rejection. However, the relative novelty and lack of understanding
surrounding the mechanisms of indugadripotency combined with thability of the
pluripotent cellgo form teratomas liméthe potential clinical uses of iPS cells.

A prospective sarce of nostumor forming, histocompatible stem cells capable of
generating insulikpr o d u c-celts gs adult stem and progenitor cells. Bone marrow

mesenchymal stem cells (BMS Cs ) have Dbeen studicddd as

13



replacement therapy thankstteeir ease of extraction and potential to differentiate into
mesenchymal, endodermal and ectodermal lineggf80]. Severakepors have shown
that BM-MSCs can produce insulin vitro and restore normoglycemia in streptozoticin
(STZ) treated micd91-96]. Adiposederived stromal cells have also been shown to
produce insulinn vitro [97].

Methods usedn attemptsto enhance insulin production in adult stem or
progenitor cell populations includeoverexpression of pancreatic genes. Ectopic
expression of the pancreatic master transcription factareatic duodenal homeobox 1
(PDX2) leads tan vitro insulin production in BMMSCs and hepatic cel[$4, 98-100.

PDX1is indispensble in pancreatc devel opment ealdunctoaandt enan
is expresse in all pancreatic precursofsoweveri t s expr essi onceliss | i mi
in the mature pancregd01, 102. Forced expression ofPDX1 in BM-MSCs from

multiple patients resulted in gluceseémulated insulin releasen vitro and restore
normoglycemia upon transplantatiinto STZ-treated diabetic micgl03. Adult stem

and progenitor cells circumvent problems identifiecEfdand iPS cell sourcess they

have low tumorigenic potential and they allow for passibility of an autologous cell

source which would not be rejected upon rdanfation. he ease of extraction and
expansion of tbse cells is another advantage, creadingtually unlimited cell source.

Fetal stem cell sources have also been of gnéatest as a result of their broad
potencyand lack of ethical concernsor example, MSCs from the umbilical cord stroma
[104], umbi |l i cal cor d Db10510d andendomeild strompt0gd 6 s | e |
have allbeen reported to produce insulin without theed for genetic modification.

Placentaderived multipotent stem I@s (PDMSCs) oveexpressing MAR, a
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transcription factoalsor e q u i r-eelll de¥elopmenband functiowere shownd up
regulateexpression oflownstreangenes involved in pancreatic development and could
be further differentiated into glucoseesponsive insuliproducing cellsin vitro andin

vivo [109. Stem cells derived from amniotic fluid calsobe induced to express insulin
upon silencing of neuronal restrictive silencing factoR@¥) and a twstep protocol
including Activin A, bFGF and igotinamide [11(. C-KIT selected amniotic fluid
derived stem (AFS) cells are a patrticularly attractive therapeutic cell source because of
their broad differentiation capabilities, extensive capacity forrseléwal in culture and
lack of eratoma formatioflll]. Accumulating evidere revealgshat AFS cells are less
differentiated than adult somatic stem cells but are not as pluripotenttayonic stem
cells. AFS cells can be cultured and induced to differentiate into multiple lineages
including hepatocytes (endodermal), adipocyteshondrocytes and osteocytes
(mesodermal) as well as neural (edonal)[111]. As a potential cell therapy, AFS cells
possess two addnal desired characteristicthey do not express cell surface markers
associated with rejection, including CD80, CD&khd CD40 and they exhibit

immunomodulatory activity112 113.

Gengic modification

Gene therapy is defined as the transfer of new genetic or therapeutic molecules
into a cell to alter its function at the cellular or molecular level for therapeutic
applications[114]. Some of he most accessful cases of fetal derived stem cell
differentiation towards insul#producing cells have involved introduction of exogenous

genesViral and nonviral methods have been examined to introduce genes important in
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pancreatic development and functionoirstem cells to induce their differentiation down

the pancreatiineage

Recombinant adenoviral vectors induce transient transgene expression and have
the remarkablability of transducing both dormantéulividing cells]115. The complex
structure of adenoviruses involves 11 individual structural proteins and over 50 serotypes
[116. Adenoviral vectors enter the cell by binding to the host cell receptor followed by
clathrin mediated endocytosis and transport to the nu¢lelid. Successful adenoviral
transduction of BMMSCs and AFS cells has been reported in numerous stidi8s
122. There is some mild inflammation that may be associated thwitintroduction of
viral vectors and nowiral gene delivery has been explored as an alternative to avoid

these concernd 23.

Electroporation is a newiral transfection technique that relies on a high voltage
pulse to electropermeablize the cell membrane. Thengable state lasts minutes after
electric pulse application, allowing negatively charged DNA to be electrophoretically
driven through th destabilized membraf&24]. Several factorsan be changed to allow
for optimal electroporation conditions including pulse strength, pulse length, amount of
DNA and cell density{125. Nucleofection is a commonlysed technique based on
electroporation in which DNA is delivered directly into the nucleus of the cell through a
proprietary mechasm [126]. Nucleofection of BMMSC has showra transfection
efficiency of up to 7% with cell survival & about 40%[127]; however, no reports

currently exist on this method in AFS cells
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The focus oftthe first chapter of this dissertatiovill be genetic manipulation of
AFS cells by nucleof¢on and adenoviral mediate?DX1 overexpression and
subsequenin vitro differentigion towards insulirp r 0 d u céllsnfay ceb replacement

therapy of DM.

Immunomodulation

Even with the rapid development of insupinroducing cell replacement therapies
to treat DM, avoiding the immurresponseéemains a challenge. In T1DM cases residual
aut oi mmune r e a c tcallo remaihsp placingd the ttransplanbed insulin
producing cells in jeopardy. Additionallyjf replacement insuliproducing cellsare
derived from anunrelated donoimmunosuppressive therapyg required to prevent
rejection Immunosuppressive regimens are harsh and carry with them the risks of severe
side effets including infection and malignanc$tem celHbasd immunosuppressive
therapy offersthe potential tomediate the autoimmune resporeed avoid rejection
without the negative side e&itts associated with medication

The autoimmune origin of T1DM resultsom autoantibodies directed against
islet antigens including proinsulin, insulin, glutamic acid decarboxylase 65 (GADG65),
islet tyrosine phosptase 112 (IA-2) [128. The role of effector cells, T lymphoeg and
antigen presenting celis critical in the autalestructive process but the mechanisms
causing the initiation and progression of Dislck understanding129. Drug-based
immunosuppressive regimens have been shown to slow the loss of insulin production if
administered on wey diagnosed T1DM patient§130-137. These drugs work by

interfering with gtokine production and/or T lymphocyj®oliferation to mediate the
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effector phase of the immune response; however, ukeirs limited because twxic side
effects[133. Treatment using monoclonal antibodies against a T cell antigen (G&33)
also provensuccessfuin reversing hyperglycemiand preventing recurring disease in
these patients without the negative consequent®4 135. Other pharmacological
approaches that have shown solavel of effectiveness in improving metabolic control
in recently diagnosed cases of T1DM include +stamick protan peptide (DiaPep277)
[13q9, pdyclonal antiT-cell therapy [137], alumformulated glutamic @d
descarboikase (GADalum)[138 andthe TNF inhibtor etanercepf139. Cell-based
therapies have also been examined in attempts to mediate the BURMNmMune
responseEfforts using atologous hematopoietic stem cell transplantattmoreconstitte
the defective immune system and shift the balance between destructive immunity and
tolerancehave resulted in lonterm insulirindependence with only minor adverse
effects[140 141]. Autologous umbilical cord infusion has also shown modest clinical
improvements in newly diagnosed T1DMtientg147.

Another important immune response to consider in islet cell replacement therapy
is the recognition and rejection of cells from a foreign dombe rejectionprocess can
be characterized as hyperacute, acute or chronic based on the etiolagity ssnd
timing [143. It is the acute rejection process tbaturs because of allelic differences
between donor antigersd recipient antigens. Immunosuppressive regimens focused on
suppressing the innate aadaptive immune response are the current standard of care and
are accompanied by harmful side effects including infecimhmalignancyAs time and
expense of personalized medicine is a curobstacle, it is likely thamplanted insulin

producing cels will be from an HLAmatched donor;dwever, even with HLA matching

18



strong immunosuppressive medicatisnrequired Stem ceHbased immunomodulation
may offer the abilityto mediate the autoimmune response iamgrove graft implantation
and survival withouadverseside effects.

MSCs are becoming an increasingly popular form of cellular thefiapsy range
of autoimmune disorders and degenerative disedisedo their differentiation potential,
capability to prduce significant amounts of trophic factoedility to modulate he
activity of the immune cellgpredisposition to home to sites of injuid44 145. This
adherent cell populatioiound in nearly every adult tissuejost oftenareobtained from
bone marrow (BMMSCSs) or adipose tissuand are beingxamined for multiple clinical
purposeg146-150. MSCs can give rise to differentiated cells of the mesodermal lineage
including bone, fat, cartilage, tendon and mu$t&l-153. In addition, their ability to
evade immunosurveillance after cell transplantation and to suppress the immune response
has made BMMSCs a particularly attractive caddte for clinical usg154, 155. For
example it was observed that BMISCs could suppress lymphocyte proliferation and
activation in response to allogeneic activation or chemical stimuletieitro andin vivo
[153 156, 157).

Immunoregulation by BMMSCs is thought to result from both direct interactions
between the stromal and immune c¢ll$816( and the actions of anitnflammatory
soluble factors released by the stromal cgl¥7, 161]. The secretion of these factors
occurs in response to pmaflammatory signals from the local environment, including
IFN-o , -UNF1IUL a aldy16R-164. Clinical applications for which the trophic
action of BMMSCs may prove valuable include support of hematopoietic transplantation

and the treatment of graft versus host disease (GvHD), osteogenesis imperfect, and acute
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myocardial infarction [165169. Possible mechanisms of MSC mediated
immunomodulation include reducing generation and maturatiatedritic cells DC)s,
increasing Teg production by producing TGH; promoting generation of regulatory DCs
which produce IL10 and suppressing effector T cells by release of growth factors,
inducible nitric oxide synthase (iINOS), heme oxygenase {H@yostaglandin or IDO.
MSCs may also act by downregulating immunoglobgroduction by B cells and by
inhibiting NK cell cytotoxicity and proliferatiofil 7Q.

The effects of lwman MSCs on developmentof DM have been examinedn
animal modelsStudies in STAliabetic NOD/SCIDmice revealed lower blood glucose
and highemouse insulin levels iMSC treated groups, suggesting tiMECs may be
useful in enhancing insulin secretiofl71. More recently, syngenic BMISCs
introducedmt o a r at mo d e-tell igury stidWed effeativee boenietgl theb
pancreasvith enhanced®PDXlexpressiom nd 1 nsul i n s-eeldsfled Anon f r o
effect was also seen in the host immune system with a shift towards the Th2 phenotype in
peripheal T cels and increased amounts of FCB{positive cellsTogetherthese results
suggest aninflammatory and immunoregulatory effects of MSC secrdieshctive
factors[177.

The first trials to show the therapeutic effect of immunomodulatoryNBSLCs
was in the accelerate@covery in patients with acute GvHR73. A human clinical
trial is currently undevay to evaluate the immunomodulatory effects of Prochymal, a
BM-MSC population derived by Osiris Therapeut(€olumbia, MD) in treatment of
newly diagnosed T1DM. MSCs atd deplete activated T cell populatiobg blocking

the maturatio of dendritic cds and reversinghe status of mate dendritic cells to
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immature [174. However, the relatively limited proliferation of BMISCs under
standard conditions suitable for manufacture of a clinical product presents a potential
drawback for their medad application[175. For this reason, we sought to determine
whether amniotic fluiederived stem (AFS) cells, which display considerably greater
expansion capacity and appear well suited to laogde banking[111] possess
comparable immunomodulatory capability.

The amniotic fliid contains multiple cell types derived mainly from exfoliating
surfaces of the developing fetiis’§. These include cells from the fetal skin, respiratory
system, urinary and gastrointestinal tracts, along with populations of MMI&Uk De
Coppi et al. (2007) described a novel population of multipotent stem cells from amniotic
fluid obtained by immunoselection forkit (CD117), the cell surfacesceptor forstem
cell factor (SCF), and designated them amniotic ftiedived stem (AFS) cells. AFS
cells are characterized by their high capacity for-smiewal and heir ability to
differentiate toward lineages representative of all three germ layaduding
hepatocytes, osteocytes, chondrocytes and adipojdytés178. Some clonal AFS cell
lines were shown to proliferatéen vitro we | | past Hayflickos
population doublings) with no signs of malignant transformation, chromosomal
abnormalities, or loss of differentiation potenfialll]. AFS cells and BMMSCs share
many characteristics including expression of the surface markers CD29, CD44, CD73,
CD90 and CD105. However, AFS cells also express the more pensiiem cell marker
SSEA4[11]]. The two cell types also share a similar immune antigen surface profile with
positive MHC Class | expression but little to no MHC Class Il expression. MSCs also

have the ability to avoid allogeneic rejectifitiv9. We hypothesized that cells in the
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amniotic fluid may have immunopriviledged status, as fetal cells must possess
mechanisms to avoid destruction by the maternal immune system durielppmiaent

[180. We further hypothesized that, like MSCs, AFS cells also possess
immunosuppressive properties. There has been a single report that unselected
mesenchymal stromal cells from amniotic fluid inhibit lymphocyte proliferatiowntro

[181].

An additional attactive aspect of AFS cells is their ability to be expanded, fully
characterized and stored in a cell baAk. derivation of stem cells specific to every
patient may prove to be an overwhelming task, the creation of a bank ctygked stem
cells would reduce the chance of graft rejection upon transplantation. It has been shown
that near perfect matches could dshieved with bankbkolding thousands of cell lines;
however a bank of this magnitude may remaint @f reach[187. Alternatively, a bank
of around 150 cell lines would result in 8% of patieathieving a full match, 31%
achieving a beneficial and up to 80% achieving an acceptdb”A match[182. Even
this type of partial matching will help reduce the need for immunosuppressiveytherap
and improve the survival of grafts in recipient patients.

The second chapter of this dissertatioouses on the abilitgnd mechanismef

AFS cells tanhibit T-lymphocyte activatiomn vitro.

Diseasespecific iPScells for drug development

Disease modeling and the ability to study normal and pathogenic cellular
processes is a critical factor in drug discovery and regenerative pharmad®émgpnt

developments in the stem cell field with the advance of IPS cells allows for the
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opportunity todevelop technologies enabling dissection of theticglahip between

genotype andcomplex disease phenotyp&he ability to study the development of
patientspecific pluripotent stem cells through stages of pancreatic development
represents an invaluableal to sudy geneti c f acelidestriscton @adi ng
dysfunction and an amazingatform for drug development aimed at correctthgse
deficiencies.

Methods of cellular reprogramming somatic cells back to pluripotent cells has
been widelystudied. Natural reprogramminmg occurs in mammalian cells immediately
after fertilization when the sperm and oocyte come together and give rise to a totipotent
embryo. DNA demethylation and remethylation along with histone modifications are
essential for eprogramming and subsequent development however the mechanisms
underlying these processes remain largeiglear[183. Somatic cell nuclear transfer
(SCNT) is one method of inducing pluripotency in which the nucleus of a somatic cell is
transplanted into an enucleated zygot@ammoocytg184]. The outcome is reprograming
of the somatic nucleus resulting in a blastocyst that @done of the somatic nucleus
donor. A major breakthrough in this technology was reported with the cloning of a sheep,
6Dol | yo, by transplanting the nuclkaeds fro
sheep oocyt¢185. Since then other mammalian species have been cloned including
cows, mice, goats, cats apis[186. Pluripotent cells can also be okexd through cell
fusion by fusing a somatic cell with an embryonic carcinoma cell, an embryonic germ
cell or an embryac stem cel[187).

Most recentlythe ability to reprogram somatic cells by introduction of genes

important in pluripotency has been evaluated. Human dermal fibroblasts transduced with
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retroviruses containing human OCT4, SOX2, KLF4 arbfiMC were able to fully
reprogram and appeared toidertical to ES cell83]. Lentiviral delivery of the genes
OCT4, SOX2, NANOG and LIN28 in addition to culture under embryonic stem (ES) cell
conditions also resultdd dedifferentiation to an induced pluripotestém (iPS) cell state
[82]. These methods were shown to have the capability to reprogram a variety of adult
and fetal somatic cell types includikgratinocytes, hair follicle cells, and blo¢d88

190. To date, iPS cells appear to be idealtito ES cells in their gene expression
patterns, pluripotent differentiation capabilities and contribution to the germirine
chimeric animal$82, 83]. However, it has been shown thateigrating viral vectors such

as retreirusesand lentiviruses randomly integrate into the genome aag induce
mutagenesis at the site of integration or alter the functisarodunding genefl91].

More recent research in the iPS field has been aimed at new strategies of gene
delivery that allev for excision of the integrated transgenes or that avoid integration of
recombinant DNA into the host genome altogether. A Cre/loxP lentiviral vector system in
which the transgenes can be excised has been used to generate iPS cells from patients
with Parkns o n 6 s [d99s &he $iggyBac (PB) transposon system has also been
used to deliver reprogrammirgenes only to remove themterf reprogramming193.
Successful attempts to create iPS cells have also been made with the use ofadenovi
vectors[194, plasmidqd195 and small molecules involved in thent signaling pathway
[196]. The first iPS cells to be generated without genetic modification neseanbinant
proteins [197. mRNAs have also been reported to successfully reprogram human

foreskin fibroblast$19§].
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As mentioned previously, iP€&lls also have the same capability to undeligo
vitro differentiation to insulirproducing cellsand cells of all other lineagés, the same
degreeas ES cell§86, 87]. However, it should be noted that, like ES cells, differences
among iPS clonederived from the same donor have been reported, making this approach
exceedimgly technically challengin§199.

Another methodo create targeted genetic deficiencies within a pluripotent cell is
by RNA interferencg20(. RNAI is a naturally occurring gene regulatory mechanism
that is involved in reglation of gene expressioiihe development of the miRNBased
shRNA (shRNA mir) RNAI strategy exploithis process allowing for targeted, highly
efficient longterm gene knockdown. In this system short hairpin RNAs are processed
within the cells to produce siRNA which then bind to the RiNdAuced silencig
complex (RISC)[20]]. RISC complex binding to the target site causes cleavage and
degradation of the target gene, preventing translation. This powerfulkgenkdown
technology has been applied in several ES studies examining the effect of gene loss of

function onpluripotercy and cell specificatiof202-204).

MODY1/HNF4A

The primary cause of MODY1 is impaired glucedendated insulin release
f r o m -cells 05 bClinically, MODY1 patients with mutations in tHénf4a gene
show progressivdeterioration of glycemic control and fail to secrete adequate insulin in
response @ glucose challengg206. HNF4A is considered essential for normal
pacr eati ¢ devel opcelefinttionamdds the dacus @fis proposal.

Mutations inHNF4A lead to a diabetes phenotype which demonstrates the essential role
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of the gene in glucose homeostasis. However, even though the gene that is causing the
phenotype is known, it is currently not possible to follow the developmentaonine the
function ofa d u Hcells inbthe human patient.

HNF4A is a member of the steroid hormone receptor superfamily and is
expressed in the liver, pancreatic isletsdney and small intestind206. This
transcription factor binds to DNA as a homodimer, recruits transcriptional coactivators
and positively regulates the mession of target genebBINF4A is made up of an N
terminal transactivation domain (AE), a DNA binding domain, and a complex C
terminal domain that forms a ligarlinding domain, a dimerization interface and a
transctivation domain (AR2). HNF4A has two distinct promoters which have been well
characterized, P1 and P2. In the hepatocytes the P1 promoter is active, and in the mature
islets the P2 promoteatrives gene expressidl207]. The P2 promoter contairsnding
sites for transcription factors important in pantedevelopmentPDX1 and HNF1B,
and mutations in either of these binding sites causes MODY, suggesting a rbiestor
factors upstream afiINF4A [208 209. During organogenesidNF4A is known to be
expressed in the pancreatic buds of the gut tube endoderm which eventually form the
pancreas, revealingdevelopmental function diNF4A [210. In themature pancreatic
islet, HNF4A is thought to function as a diverse regulator of many different transcription
networks and recent studies have idesd over 1000 ppmoter elements bound by
HNF4A in islets[206]. One of these complex transcripticecfor networks is between
HNF1B and HNF4A which are known tooper at e toget heel toi n t

maintainnormal functiof208 211, 217.

26

h €



Severalin vitro andin vivo systemshave been developed to allow researchers to
examine the function diNF4ATi n c el | s wdaelt like phenotypeCraation of b
a rat insulinoma cell line with the capacity for conditional expression a@drainant
negative mutantiNF4A revealed the importance 6fNF4A expression in mitochondrial
metabolism and insulin expression and resulted in doegulation of the genes
mitochondrial 2oxoglutarate dehydrogenase (OGDH) E1 subunit, glucose transporter
(GLUT?2), aldolaseB and L-pyruvate kinase (-PK) [213. Embryoid body (EB)
formation from ES cells ontaining a deficiency irHNF4A expressionconfirms that
HNF4A influences the expression of many of the same genes, inclGdiag2, aldolase
B and L-PK [214]. These findings suggest th&iNF4A regulates mulple pathways
wi t hi n t hkeell Tima is usefel informationeaailing the effect of atHNF4A
mutation on cdl s wi t h -eell phenotype, dowdver these systems have been
unableto analyze the efte# of HNF4A deficiency in the development ofeth-céll.

Mouse models wititHNF4A deficiencies have been developed to examinarthe
vivo effect of the gene HNF4A null mice suffer embryonic death due to failure to
undergo normal gastrulation which prevents analysis of theHE4AT n  ma-telhr e D
function indicating a strong requirement for the gene in early develod2&st -céll
specific HNF4A knockout mice are able to survive to adulthood and demonstrate
impaired gleose olerance and defects in glucest@amulated insulirsecretion[216].
Interegingly, thesemice also show hyperinsulinemia, a condition which is also observed
in fetal stages of the human dise§8&6, 217]. It is in the later stages of the human
disease thahypoinsulinemia and hypoglycemare observed.Also surprising was the

finding that the évels of HNF1Bwere unaffectedh the HNF4A k n o ¢ k-cells{216b
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These results indicate that HNF4Aay not be required for the camiation of HNF1B
signal i ng i-aell buthtis stilneety likely thatHNF4A is requred for the
initiation of HNF1B at an earlier developmental stage. In these mi&KLlevels wee

al so decr eas ecdl, bunGLUTRA &d alotase BB leeels tvere normigd16
contrary to then vitro studies[215]. These discrepancies in gene expression may be the
result of an overlap in transcriptionaggulatory mechanismghat are present in the
ma t u-cedl whith can compensate for HNF1LBLUT2 and aldolse B expression.
Additional results fom these studies identified K&, a potassium channel subunit that
plays a role in the regulation of thea#t channeldependent pathway of glucese

stimulated insulirsecretion, as a target BINF4A [214.

Gene knock down pluripotent stem cells in disease mugleli

Due to the limited availability oiumanp a n ¢ r edlg, thecstudy of disorders
of the insulirproducing cells islimited to rodent insulinoma cell lines and animal
models. However, these model systems are not ideal for adequately modeling human
DM. The development of patiespecific iPS cells offers a unique model to study
genetically complex disease in a background with a known phenotype. For genetic
diseases such as MODY, iPS calisknockdown ES cellgprovide the opportunity to
examine the pathwa that lead to the disease pathogenesis based on a genetic mutation.
By taking advantage of this new systeng @an develop a system using pluripotent stem
cells thatallow us to stug b-cell development and functionality in a MODY genotype.

The fully differentiated insulip r o d u ecells gprtiaibing a mutation in the

Hnf4a gene will facilitate the screening and discovery of new drugs for diabetes
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treatment. The ability to prode HNF4A deficient pluripotent stem cells arfdlly
differentiate thenin vitro into insulinproduch g -cefls would also ensure a continuous

supply ofpancreatic lineage el | s and f u l-delithad ¢codld be usechin i at ed
drug discovery assays$ncreasing evidence supports the theory that mutations in the
genes invtved in MODY are also directly involved in susceptibility to more common
multifactorial forms of diabetel218. New genet ar get s, ei t heellror i n t h
earlier in pancreatic development, that could be identified with this system would allow

for improved understanding of the molecular defélotg lead to chronic hyperglycemia

and of the molecular mechanisms thatintean glucose homeostasis. This knowledge

may lead to the development of more specific-digbetic drugs and th#®S system

would allow for pharmacogenetic testing to determine the response of the subject to
different drug types.

Induced pluripotent ste cells can be used to study the effects of a known
genotype on the development and mature phenotype, but may prove even more useful in
understanding the development of more complex genetic disorders, such as T2DM. We
expect that mutations in additionalngs &« pr essed wi t hicellswbuld f er en
increase the risk of T2D and identification of these genes should lead to a better
understanding of the disease as well as novel therépigsre 2) By identifying more
genes that may be involved in thausation of DM we will be able to better identify
high-risk individuals who may benefit from early interventions which may prevent the
development of diabetes.

The focus ofthe third chapter of this dissertatia on the development of an

HNF4A deficient pluripotent stem cell gpul at i on to us e-cellas a
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development. The highlight will be on gene ukdion by HNF4A at the gut tube

endoderm stage of development.

Treatment ) DM
‘)‘)' / patient
Fe2

Disease specific Cell

I drugs sa mple
\ | -
| ¢&»

Screen for
therapeutic compounds

eprogram

— o
; Disease
Islet-like modeling Disease specific
clusters iPS cells

Figure 2. Medical applications of dseasespecific IPS cells Reprogramming
technologies have the potential to be used to model human disease. Directed
differentiation of DM patia t I PS <cel |l s cell ttype albowsaliseasé f ect e
modelingin vitro. Potential drugs can be screeed t he devel ogelsng and

aiding in the discovery of novel therapeutic compounds.

MATERIALS AND METHODS
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Cell culture. Human amniotic fluid stem (AFS) cell populations were isolated as
previouslydescribed111]. CD117 selected, cloned AFS cell lines A1 and H1 were used
between passages 16 and 20 for these experiments. AFS cells were cultured on petri
dishes in Minimum Essential Mediumlpha (MEM-U ) (I'nvitrogen, Cal
containing 15% Embryonic Stem Cell Qualified Fetal Bovine SerumHES), 2 mM -
glutamine and 5 units/ml Penicillin G and 5 units/ml Streptomycin sulfate (Invitrogen)
and supplemented with 18% Chang B and 2% Clar{gvine Scientific, Irvine, CA).

BM-MSC i sol ates were grown on tissue <cultu
Medium (DMEM) with 10% Fetal Calf Serum (FCS), 2 mMdlutamine, 0.1 mM
nonessential amino acids (NEAA), 5 units/ml Penicillin G and 5simitStreptomycin

sulfate (Invitrogen).

Primary human bone marrow mesenchymal stromal cél-{BSC) isolates were
generously provided bYyuis Solchaga (Case Western Reserve University, Cleveland,
OH). Human BMMSCs were derived andultured as previously reportef219.
Peripheral blood mononuclear cells (PBMCs) were obtained from AllCell (Emeryville,
CA). The human embryonal carcinoma cell line NCCIT, the human embryonic kidney
cell line 293T, and the human hepatoakell carcinoma cell line HepG2 were acquired
from American Type Culture Collection (Manassas, VA). Each of these cell lines were
grown in DMEM with 10% FCS, 2 mM Ltglutamine, 5 units/ml Penicillin G and 5

units/ml Streptomycin sulfate (Invitrogen).

Primay fibroblasts from the MODY1 RW pedigree family 9220 were
obtained from Coriell Cell Repositories (Camden, NJ). Banked fibroblasts from a 29 year

old male with a MODY1 diagnosis were identified as GM01237. Fibroblasts from the
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patientds nor mal 42 vyear old sister, i dent
fibroblasts were grown in Eagleb6s MEM with

2mM L-glutamine, 5 units/ml Penicillin G and 5 units/ml Streptomycin sulfate.

Human embryonic stem (ES) cell line H9 was acquired from WiCell Research
Institute (Madison, WI). H9 cells were routinely cultured under feeder free conditions in
on hESC qualified matrigel (BD Biosciences, San Jose, CA) coated dishes in mTeSR1
medium (Sten Cell Technologies, Vancouver, BC). Media was changed daily and cells
were passaged at a 1:4 ratio every third day. To passage, cells were washed once with
DMEM-F12, incubated in 1 mg/ml dispase (Stem Cell Technologies, Vancouver, BC) for
5 to 10 minute®r until the colony edges began to round, then washed 3 additional times
with DMEM-F12. Colonies were then lifted off of the dish using a cell scraper, broken up

into clusters containing about 100 cells each, and replated in feeder free conditions.

Seletable expression vector construction. The pZL1 colormg vector
containing a mousd’DX1 gene was kindly provided by Chris Wright (Vanderbilt
University, Nashville, TN). To create a plasmid expressing m&3X1 under the
control of the SV40 promoter andetlselectable mouse MHC class | surface marker H
2K* under control of its own promoter, moufHX1 cDNA was excised from the
cloning vector by sequential digestion with BamH1 and Sall. pMACS Kk.II (Miltenyi
Biotech) was opened by digestion with the samemes. Both DNAs were run on a 1%
agarose gel, the 2.2 kb mouB®X1 fragment and linearized pMACS Kk.II were

excised. DNA was extracted from the gel using a Qiagen Gel Extraction kit following the
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manufacturero6s instructi o setvect Mmdla ratwande
ligated overnight at 14 C using T4 DNA Ligase (New England Biolabs, Ipswitch, MA)
(Figure 3).

Pst 1 (2796)
Pst | (2986)

A H-2K* ¢cDNA

PolyA
Xba I (2378)
\

Xba 1 (3957)
Scal
(1703)

H-2K*
promoter

pMACS KK.II

(5229 bp)

\Nhe I (4788)
SV40 promoter
PolyA I.‘l \\

/ \
BamH ] L— Sall

mouse Pdx1

AmpR Pst I (4245)

Figure 3. SelectablePDX1 expression vectorThe pMACS Kk.Il vetor containing

mousePDX1 cDNA was constructe&gmpty pMACS KKk.II vector was used as a control.

Nucleofection The mousd®DX1 pMACS Kk.Il or empty pMACS KK.Il vectors
were introduced into AFS cells by the electroporation method, nucleofection (Lonza,

Allendale, NJ). AFS cells were grown to 80% confice, trypsinized and pelleted by

c

o m

centrifugation at 1,500 rp for 5 minutes. AFS cells 5x)0 wer e resuslpended

Human Epithelial Nucleofector Solutiand endotoxisf r e e p | agywas addded.2 O
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After gentle mixing, the solution was pipettedonan Amaxa certified cuvette. The
cuvette was placed into the Nucleofector amacleofected usinga variety of test
conditions.Warmed growth medium was gently added to the cells and they were cultured
for 48 hours prior to analysis of transgene expresjoRACS. Optimal results of high
plasmid expression with low cell death were achieved GihC, 200DNA and

program TF23.

Magnetic cell separatio. AFS cells were purified on the basis of2{* surface
marker expression by immunomagnetic separation on an autoMACS separator (Miletnyi
Bi ot ech, Auburn, CA) according to the ma
nucleofection, AFS cells were trypsinized, washed with MACS buffer (PBS/0.5%
BSA/2mM EDTA) and pooled. After resuspension in MACS buffer and incubation with
FcR blocking reagent for 5 minutes at room temperature, AFS cells were incubated with
a 1:100 dilution of antH-2K* MicroBeads (Miltenyi Biotech, Auburn, CA) for 45 min at
4 C. Labeld AFS cells werehen washed, r e bafl FIACS buffes dnd i n 50
subjected to magnetgeparation. The double colummnut o MACS program O0PoO
used to separate-BK* positive populations from +2K* negative populations. Cells were
then placed irto culture under growth conditions or pancreatic lineage differentiation

conditions.

Adenoviral amplification. Adenoviruses containing the mou$tbX1 (Ad-

PDX1) or LacZ (AdLacZ) genes under the control of the cytomegalovirus (CMV)
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promoter were kindly provided by Dr. JeShin Lee(Figure 4)(Harvard Gene Therapy
Initative, Harvard Univ., Boston, MA). Adenoviruses were amplified by infecting 70
80% confluent dishes of human embryonic kidney cell line 293 (HEK293) at a
multiplicity of infection (MOI) of 10.After 3 to 4 days, when the majority of cells
exhibited cytopathic effects, the cell suspension was collected and centrifuged at 1000
rpom for 5 minutes. The resulting pellets were lysed by three consecutive freeze/thaw
cycles, thecellular debris was removed by centrifugation at 1000 rpm for 5 minutes and

the viral lysate was collected and storeeBarcC.

ITR Adenovirus serotype S ITR

E2 deletion

CMY B-globin m B-globin
T

sD SA pA

Figure 4. Mouse PDX1 adenoviral vector diagram An adenoviral vector containing

LacZ in place oPDX1was used as a control.

RNA extraction. Cells grown in 35mm tissue culture dishes were washed twice
with PBS and 1 ml of RNA Bee was added to each well. Cells were incubated in RNAbee
for 5 minutes on ice and then scraped with a cell scraper to dikrigell membranes.

The lysate was then transferred to a rhi7microcentrifuge tube. 208l of chloroform
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was added and each tube was shaken vigorously. The homogenous mixture was
incubated at 4C for 10 minutes and allowed to separate into layers. The tubes were then
centrifuged at 13000 rpm for 10 minutes at@ The clear agueous RNA containing
layer (upper) was extracted and transferred to a new microcentrifuge tube containing an
equal volune of isopropanol. This mixture was incubated2f’ C for 30 minutes and

the tubes were centrifuged at 13000 rpm for 10 minutes at 4 C. The supernatant was
discarded and the RNA pellet was gently washed once with 1 ml of 70% ethanol
followed by centrifugaon at 13000 rpm for 5 minutes at €. The supernatant was
removed and the RNA pellet allowed to air dry at for 10 minuteg péllet was
resus pen dd oucldase free vates. Contaminating genomic DNA was removed
by treatment with DNase | (Roch&pplied Science, Indianaps, IN). To each RNA
sample 3 ¢l of 10 XDNagd¢adweee addedlandfintubated @@ 8d 1 ¢
for30mhut es. Af t er ItohDNase inactivatidn aebgerd was &ddegl and
incubated for 2 minutes. The samplas then centrifuged at 13,000 rpm for 5 minutes,

the supernatant transferred to a new microcentrifuge tube and ste36t @t

cDNA synthesis Supercript Il (Life Technologies, Grand Island, NY) was used
to perform reverse transcriptase polymeraséncteaction. 1 ug of RNA was added to a
02mltubead t he vol ume loithonuctplse free atet Bo printize ¢
RNA for c¢cDNA synthesi s, |df 150 hg/mbrandom@rimarsl d NT P
was added. Samples were incubated &t ®Sor 5 minutes and cooled on icerf2
mi nut es. After cool ing, 4 ¢ | of 5Xoff i rst

RNAse OUT was added. After incubation abrm t emper at ur e [ dfor 1
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Superscript 1l was added. Tubes were then transferredntermal cycler and incubated
at 25 C for 10 minutes, 42C for 50 minutes and 70 C fobIninutes. Upon completion,
8 0| otnuclease free water was added to each cDNA sample and they were stored at

20° C.

Quantitative and SemiQuantitative PCR. Tagman assays (Applied
Biosystems, Carlsbad, CA) or SYBR Green assays and an ABI 7900 were used to
guantify the absolute levels of a specific cDNA sequence by measuring fluorescent
signal. Tagman assays are made up of 3 oligonucleotides, 2 primers which bied to t
end of the sequence to be amplified and a labeled probe which hybridizes to the sequence
between the primers. Tagman probes are covalently bonded -taddkyfluorescein
( FAM) fluorophor e adrboxytdtramethybhodamnd (TAMRA) a 6
qguet her at the 36 end. When the quencher i s
fluorescent activity is quenched. Tommp | et e quant iltoh2x Tagdan PCR,
Universal Master Mix (Applied Biosystems) was combined wh |2o0f BagMan
primerprdbe set, 10 el of rlof cONA.&¥BR GfeeneseaDMAat er a
binding dye which fluoresces upon binding. Quantitative PC& wompleted by
combi ni naof 2xX1SYBR5Green Mastr Mi x ( Appl i eldorvBrido sy st e
primer (0 eM) , | reverse primefl0eM), 954 of nucl easelofree w:e

dilutedcDNA.

After thorough mixing, samples were pipetted in duplicate into-a&breaction

plate foraf i n a | r eact i olnThisyppocessmvas repéated f@r.edch gene and
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sanple to be tested. After loading, the plate was sealed and briefly centrifuged. It was
then placed into the ABI Prism 7900 which performed the following cycl€sC50r 2
minutes, 95 C for 10 minutes and 40 cycles of°95 for 15 seconds followed by 6C

for 1 minute. The ABI 7900 quantified the accumulation of the amplicon after each
amplification cycle and levels of the housekeeping gene GAPDH were used as a control

for normalization.

Semiquantitative PCR was performed in buffer, 25 mM MgCIl 5M) dNEP
mix, 200 nM forward primer, 2006 M r ever s e pr ilofaitutedcDMANNG  wi t h
a final v & Fallowiag aa initiaRdBnataration step, the following steps were
cycled 34 times: 30 seconds denatur@%j C, 30 seconds annealing at-6@° C (see
Table), 1 min elongation at 7Z, followed by a final elongation step at°7@ for 10
minutes. Reactions were carried out in a Master Cycler Pro (eppendorf, Hauppauge, NY).
Amplification products were run on 1% gar ose gel s g/mloethidiam ni ng
bromide and visualized using a Gel Logic 200 UV transilluminator imaging system

(Kodak, Rochester, NY)

Gene Name TagMan Probe Relevance t®ancreas Development / Function

GAPDH Hs99999905 ml | Housekeeping gene

mPDX1 MmO00435565 m1{ Tr anscr i pt i o n-cdldecetommnent,c
maturationand function221]

hPDX1 Hs00426216 m1 [Tr anscr i pt i o n-cdldecetopnrent c
maturation and functiof221]

FOXA2/ Hs00232764_m1 | Transcriptional activator with role in specification ¢

HNF3B definitive endoderm, regulates expression of geng
importantin glucose sensing@27
SOX17 Hs0075¥52_s1 | Critical for definitive endoderm formation, regulate

Whnt signaling and @ivates endodermal genes
including HNF1B[223

CXCR4 Hs00237052 i | Chemokine receptor specific for stromal eddirived
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CD184 factorl (SDF1), expressed in definitive endoderm
[224, 225

OCT-3/4 Hs00742896_s1 | Transcription factor critical in stem cell sednewal
and maintenance of pluripotenf326

HNF4A Hs01023298 m1l | Regulategpancreatic gene expressj&mown role in
b-cell function deficiencyresults in MODY 1214

HNF1B Hs01001602_m1 | Directs endodermajene expression ihaing
HNF4A [227], deficiency results in MODY (228

NGN3 Hs00360700_g1 | Required for specification of the endocrine lineage
[229, initiates islet differentiatiof230)

GLUT2 Hs00197884 _m1 | Transmembrane protein enablibiglirectional
glucose transport across cell membranes, expres:
i n-cels[23]]

INSULIN Hs02741908 m1 |Hor mone pr o dcellst® cegulatg bldodh
glucose levels

LGR5 Hs00173664 m1l | Wnt target gene, markstestinal stem cellf232]

NEUROD | Hs00159598 m1 | Expression important in endocrine pegas
developmenf233, critical for achieving and
main@ i n i-celignatbirity234, deficiency results
in MODY®6

GCG Hs00194967 ml1 |Hor mone pr o dcells & the gancreds to
increase blood glucose levels

PPY Hs00237001_m1 | Polypeptide secreted by the PP cells of the endog
pancreas, inhibits pancreatic exocrine secr¢f85

HNF1A/ Hs00167041_m1 | Transcription factor essential in maintenance of

TCF1 insulin storage and glucose mediated release,

deficiency results in MODY 3236

Table 1. Primer/probe setof genes associated with pancreatic development and

function screened by TagMan quantitative PCR.

Gene Name Forward Reverse Product
Size
GAPDH GTCGTATTGGGCGCCTGGTCAC | CAGCCTTGACGGTGCCATGGAA | 153 bp
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18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 131 bp
CYCA CCCATTTGCTCGCAGTATCCTAGA| GCATGGGAGGGAACAAGGAAAA | 86 bp
HNF1A/ GCCCTGTACACCTGGTACG CTCATCACCTGTGGGCTCTT 99 bp
TCF1

HNF3A/ GAAGATGGAAGGGCATGAAA GCCTGAGTTCATGTTGCTGA 97 bp
FOXA1

HNF3G/ CTGGCCGAGTGGAGCTACTA GAGGATTCAGGGTCATGTAGGA | 104 bp
FOXA3

HNF4G TGTTTTAGAGCGGGAATGAAA TTAATGGAGGGGATGTTGCT 101 bp
SOX9 ACGGCTCCAGCAAGAACAAG TTGTGCAAGTGCGGGTACTG 109 bp
Table 2. Primer sequences for gnes associated with pancreatic development and
function screened by SYBR Green quantitative PCR.

Gene Name Forward Reverse Product

Size
GAPDH CCTGCTTCACCACCTTCTTG | CCACTGGCGTCTTCACCAC |501 bp
mPDX1 TGTAGGCAGTACGGGTCCTC | CCACCCCAGTTTACAAGCTC | 325 bp
hPDX1 CCACGCAGCTTTACAAGGAC | TGTAGGCCGTGCGCGTCCGC| 432 bp
H-2K* CCACGTTTTCAGGTCTTCGT | TCATCTCTGTCGGCTACGTG | 335 bp
PAX6 GCCAAATGGAGAAGAGAAG | GTTGAAGTGGTGCCCGAGG | 394 bp
AAAAAC

LacZ GAGAATCCGACGGGTTGTTA | CAGCAGCAGACCATTTTCAA | 681 bp
Adenoviral | GAGCGCCACTTCTTTTTGTC | CCCAACTGCGACTTCAAGAT | 330bp
vector

NANOG GCTTGCCTTGCTTTGAAGCA | TTCTTGACTGGGACCTTGTC | 256 bp
SOX2 AGTCTCCAAGCGACGAAAAA | GGAAAGTTGGGATCGAACAA | 410 bp
C-KIT GATGACGAGTTGGCCCTAGA | CAGGTAGTCGAGCGTTTCCT | 223 bp
Table 3. Primer sequences foilgenes examined by serquantitative PCR.

Interferon-gamma ELISPOT analysis (Phytohaemagglutinin  (PHA)

activation assay) Elispot analysis was performed as describexVipusly by Maitra et

al. [157]. Briefly, Multiscreen filter 96éwell plates for Elispot (Millipore, Billerica, MA)
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were coated with huan interferon- gamma(lFN-g) capture antibody (2G1; Endogen,
Rockford, IL). Peripheral blood monaclear cells (PBMCs) were acquired from AllCells
(Emeryville, CA), activated with Srg/ml PHA (L1668; Sigma, St. Louis, MO) and
cultured in the IFNg coated wells with increasing stem cell densities or stem cell
conditioned medium. Experiments examinirgl contact included wells with 150,000
PBMCs, Sng/ml PHA (L1668; Sigma, St. Louis, MO) and increasing amounts of AFS
celsorBMMSCs (fAstem cell so) ranging from 4, 68
75,000 stem cells (1:2 stem cell to PBMC ratio). @alstincluded unstimulated PBMCs

and stimulated PBMCs with no stem cells. A minimum of quadruplicate wells for each
condition was analyzed in at least 3 independent experiments and a single representative
experiment is shown. After 24 hours, plates wershegd and incubated with biotinylated
detection antibody (B133.5; Endogen, Rockford, IL) for 2 hours at 37 C. Streptavidin
Horse Radish Peroxidase (HRP) (P0397; Dako, Carpinteria, CA) was then added and
incubated for 1 hour at room temperature. 4§Bpotswere visualized after incubation

with 3-amino9-ethylcarbazole (34004; Pierce, Rockford, IL). An Elispot image analyzer
was used to quantify the number of spots in each well (Immunospot Cellular Technology,
Shaker Heights, OH). The percent activation fagiveen condition was derived as the

ratio of the mean spot number to the mean spot number of the positive control, multiplied

by 100.

Transwell experiments Monolayers of AFS cells or BAMMSC were cultured in
the presence of total blood monocytesparated by transell chambers (Corning,

Corning, NY) or in the presence of -lb. In experiments examining the effect of
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conditioned medium on the immune assay each well included 150,000 PBM§Zs\ 5

PHA and 24 hour conditioned medium from one of tbkowing sources: 1) Basal
medium, 2) total blood moncytes, 3) AFS cells, 4) AFS cells cultured with total blood
monocytes, 5) AFS cells cultured with-lb, 6) BM-MSCs, 7) BMMSCs cultured with

total blood monocytess, 8) BMISCs cultured with IElb. Contols included
unstimulated PBMCs, which produced no HgNand stimulated PBMCs in growth
medium, which produced the maximum amount of -gM minimum of quadruplicate

wells for each condition was analyzed in at least 3 independent experiments and a single
representative experiment is shown. The Elispot plate was developed and analyzed as

described previously.

Cytokine secretion by antibody array Cell-free supernatants from cells
cultured under the eight conditions outlined above were analyzed for ayte&anetion
using Cytokine Antibody Array V, VI, VIl (RayBiotech, Norcross, GA). Antibodies
against each of 174 cytokines, chemokines and growth factors were spotted onto the array
membrane in duplicate. After blocking for 30 minutes, the membranes wereated
with 200 of supernatant at room temperature for 2 hours. Then primary -biotin
conjugated antibody was added to each well and incubated at room temperature for 2
hours. Horseradish peroxidasenjugated streptavidin was then added to each well and
incubated at room temperature for 30 minutes. The wells were developed by addition of
detection buffer and analyzed using a Iuminescent image analyzer system

(GenePix4000B, Axon Instruments, Union City,CA).
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SemiQuantification and analysis of cytokine aray data. Semiquantification
of cytokine levels was achieved using Axon software. The pixel density of each spot was
measured and background levels from negative controls were subtracted. The intensity of
positive control spots was used to normalize tesoétween the three membranes. The
intensity for each cytokine was then averaged over the duplicate spots. Controls of serum
containing medium, total blood monocytes cultured alone or stem cells cultured alone
were included in the array and these valuesewsubtracted as background from the

appropriate samples.

Statistical analysesResults are expressed as mearstendard deviation. The
statistical significance was determined by one way analysis of variance (ANOVA). A p value <

0.05 was considerestatistically significant.

Flow cytometry. Cells were trypsinized, washeaxhd resuspended in PBS/1%
FBS.FcR Block (Miltenyi Biotech, Auburn, CA) was added and incubated for 5 minutes.
Primary antibodies conjugated to FITG@r PE were added in saturatirgmounts and
incubated on ice for 30 minutes in the dark. Controls included unstained cells and
corresponding isotype controls. Cells were washed once, resuspended in PBS/1%FBS
and run on a Becton Dickinson FA&an flow cytometric system (BD Bioscienc8sn
Diego, CA). Analysis was completed using FlowJo v7.6.1 Software (FlowJo, Ashland,

OR).
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Immunostaining. Fluorescent antibody staining was used to visualize protein
presence and localization in cell cultures. Cells cultured on glass slides were fiked wi
4% PFA in PBS for 15 minutes at room temperature, washed 3 times with PBS and
permeabilized by incubation with 0.1% Tritos00 for 5 minutes. Following 3
additional PBS washes, cells were incubated with Dako Blocking Reagent (Dako,
Carpinteria, CA) forl hour at room temperature to block nonspecific binding. Cells were
then incubated with primary antibody (see Table) diluted in Dako Diluent (Dako,
Carpinteria, CA) overnight at 4 C. After 3 PBS washes, fluorescently conjugated
secondary antibody (see Tapdiluted in Dako Diluent was incubated with the cells for 1
hour at room temperature in the dark. Cells were then washed 3 times with PBS,
mounting medium containing DAPI was dropped onto the plates (Vector, Burlingame,

CA) and coverslips were placedemthe cells.

Western blotting. Cells were washed with PBS and a small amount of lysis
buffer (20 mM Tris pH 8.0, 137 mM NaCl, 1% N&O, 10% glycerolxontaining fresh
Protease Inhibitor Cocktail (Roche Applied Science, Indianapolis, IN) was addechto ea
dish. Plates were incubated on ice for 10 minutes, cells were scraped from the dish and
transferred to a microcentrifuge tube. Lysates were passed throughgande3 needle
several times and incubated on ice for 30 minutes. Lysates were then cethtatuge
13,000 rpm for 10 minutes to pellet the cellular debris. Supernatant was collected and
stored at80 C. Lysates were separated by SBYSGE using 415% TrisHCI gradient
gels (BioRad Laboratories, Hercules, CA). Proteins were then transferred to & PVD

membrane using the iBLOT system (BRad Laboratories, Hercules, CA). Membranes
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were blocked in blocking solution (5% milk in PBS/0.5% Tw&é). They were then
incubated with primary antibody (see Table) diluted in blocking solution overnight at 4
C. Membranes were washed 3 times for at least 5 minutes each in PBS/0.5%Z0veen
Secondary antibody conjugated with horseradish peroxidase (HRP) was diluted in
blocking solution (1:2000) and incubated with the membrane for 1 hour. Following three
5 minute wakes in PBS/0.5% Twee?0, ECL Plus Western Blotting Substrate was
added for detection (Pierce, Rockford, IL). Membranes were visualized using
chemiluminesence on the Fujifilm LAS00 imaging system (GE Healthcare,

Piscataway, NJ). Densitometry was perfechusing Multi Gauge 3.0 software (Fujifilm).

Antibody Source Conjugation
OCT4 (C-10) Santa Cruz, s6279 Mouse monoclonal
SOX2 Sigma, S7693 Rabbit polyclonal
NANOG RnD Systems, AF1997 Goat polyclonal
HNF4A Abcam, ab36175 Goat polyclonal
SSEA4 BD, 560218 Alexa Flour 555

Table 4. Antibody list.

SshRNA subcloning HNF4A shRNAs were extracted from the GIPZ lentiviral
vector and transferred to the TRIPZ umtble entiviral vector.HNF4A GIPZ 239555,
377096 and 93152 and NeuroD TRIPZ 404996 were digested with Mlu | and Xho I.
DNAs were run on a 1% agarose gel ahidNF4A shRNAs (354 bp) and TRIPZ (13 kb)
were gel extracted using the Qiagen Gel Extraction Kit and following themamc t ur er 06 s
instructions.HNF4A shRNA inserts were combined with the TRIPZ vector at a molar
ration of 4:1 and incubated with T4 DNA Ligase (New England Biolabs) at 14 C

overnight. Clones were oken and verified by sequencing (Figure 5).
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Figure 5. Human TRIPZ HNF4A shRNAmir lentiviral vector construction. Three
individual plasmids were constructedchacontaining a differeriiNF4A shRNA target

sequence.
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Clone Name Hairpin Sequence Target
V2LHS 239555 TGCTGTTGACAGTGAGCGACGCTACTGCAGGCT N-terminal
(HNF-4c. shRNA 1) | CAAGAAATAGTGAAGCCACAGATGTATTTCTTG A/B domain

AGCCTGCAGTAGCGGTGCCTACTGCCTCGGA

V3LHS_377096
(HNF-4c. shRNA 2)

TGCTGTTGACAGTGAGCGACCGCTACTGCAGGC
TCAAGAATAGTGAAGCCACAGATGTATTCTTGA
GCCTGCAGTAGCGGCTGCCTACTGCCTCGGA

N-terminal A/B
domain

V2LHS_93152
(HNF-4c. shRNA 3)

TGCTGTTGACAGTGAGCGCGCTGCTCCTAGGCA
ATGACTATAGTGAAGCCACAGATGTATAGTCATT

Ligand Binding
Domain

GCCTAGGAGCAGCATGCCTACTGCCTCGGA

ColorKey: sense loop antisense

Table 5. Target sequences ofiINF4A shRNAs.

DNA sequencing DNA to besequenced was combined with sequencing buffer,
reaction mix and a single primer. The mixture was heated to 96 C for 3 min then cycled
through 10 sec at 96 C, 6 sec at 50 C and 4 min at 60 C for 30 cycles. The PCR product
was precipitated by addition of 128M EDTA, 3 M sodium acetate and 100% ethanol,
centrifugation at 13,000 rpm for 15 min and a final 70% ethanol wash. The precipitated
DNA was resuspended in formamide, heated for 2 min and loaded onto the ABI

sequencer. Sequences were analyzed usingalyeaon.

Sequencing Primer Sequence
pCMViwd GTAACAACTCCGCCCCATT
IRESrev AGACGGCAATATGGTGGAAA
pTRIPZ GGAAAGAATCAAGGAGG

Table 6. Sequences of primers used for DNA sequencing.

Induced Pluripotent Stem (iPS) Cell Derivation
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Cellular extract preparation. Cell lysate was prepared from the embryonal
carcinoma cell line, NCCIT. Cells were trypsinized, washed twice with PBS and
resuspended in cold cell lysis buffer (50 mM NacCl, 5 mM MgClI2, 100 mM HEPES pH
8.2, 1 mM DTT, 0.1 mM PMSF) with fresh Protease Inloibi€ocktail (Roche Applied
Science, Indianapolis, IN) added. Cells were incubated on ice for 30 minutes, then
sonicated 4 times 10 seconds each. Lysate was transferred to a microcentrifuge tube and
centrifuged 13,000 rpm for 10 min &t @. Cleared supertent was collected and stored

at-80° C.

Cellular extract reprogramming. To reprogram, AFS and HEK293 cells were
trypsinized, washed twice with PBS and once with HBSS. Cells were resuspended in cold
HBSS, add 280 ngil streptolysirO ( SL O) ganh Texad Red ®© control tubes.

Mix gently and incubate at 37C for 50 minutes. Tubes were centrifuged, supernatant
removed and cells resuspendd in growth medium or NCCIT extract with ATP
regenerating system (ATP:GTP:creatine kinase:phosphocreatine) and 25ITRS!.
Following a 1 hour incubation at 3, prewarmed growth medium and 2 mM CaCl2
was added and cells were plated onto tissue culture dishes or mitomycin C (MMC)
inactivated SNL (immortalized mouse 3T3 fibroblasts secreting LIF) fdaglers.
Medium was changed 4 hours after plating to fresh growth med@ohonies began

forming withinone week and were assayed .
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Lentiviral preparation . A lentiviral construct containing humadCT4, KLF4,
SOX2 and eMYC genes connected by kars followed by IRES ddmoato(Figure31A)
was kindly provided by Christopher Baum (Hannover Medical School, Germany).
HEK293 cels were plated at a density of 6X1fto gelatin coated 10 cm tissue culture
dishes. Two days after plating, cells were transfected@vithpsPaxZAddgene 12260),
6 €eg pMD2. G (AddpsKkvemxd@ 2wiO)h 1635 mll Opti M
FuGene HD (Roche Applied Science, Indianapolis, IN). The medium was changed 24
hours later to mTeSR1 and the viral supernatant collected after incubation four24 h
and again at 48 hours. The viral supernatants were thaed) filtered through a 0.45
em syringe filters and concentrated using a 100,000 molecular weight cutoff spin device
which was centrifuged at )0 rpm for 40 minutes at 4 MMillipore, Billerica, MA).

Virus was aliquoted and stored-8€° C.

Lentiviral reprogramming . Primary adult fibroblasts obtained from a MODY1
patient who ha a Q268X mutation in theINF4A gene (GM01237) and normal sibling
control (GM02244) (Coriell Cell Repository, Cden, NJ) were plated at a density of
1e5 per well of a 6 well dish. The next dayel | s wer e tramsduced
concmtr ated OSKM | elnafi vgr aowt h n mediOugml cont a
polybrene. Following 3 hours of incubation with gentle rockingrg 30 minutes, 1.5 ml
of growth medium was added to each well. Growth medium was changed every other day
and 5 days pogtansduction cells were transferred to feeder layers, medium was changed
to mTeSR1 and replaced daily. Approximately 20 days-passduction single colonies

were selected, cloned and expanded under fdeskeconditions.
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Alkaline (AP) staining. Cloned iPS cell populations were assayed for AP
expresion after 5 or more passagédedia was aspirated and colonies were washed
twice with PBS. Colonies were fixed with 100% ethanol for 5 minutes. Following 3 PBS
washes, staining solution (0.25% Napthol-KX phosphate alkaline solution (Sigma),
Fast Red TR salt (Sigma) in ultrapure water) was added. Following a 30 minute
incubation, dishe were washed twice with PBS and AP positive colonies were visualized

by light microscopy.

Pancreatic lineage differentiation Induction of pancreatic lineage
differentiation was achieved by addition of growth factors to pluripotent stem cells, ES
and iF5 cells, in a stevise fashion mimicking the norma vivo development of the
pancreas. A modification of the orign a | report f[7Gwth&enédntsofur et
the Jiang et a[.72] optimizationincluded was used for this study (Fige Pluripotent
stem cells were induced through stages corresponding to definitive endoderm (DE), gut
tube endoderm (GTE), pancreatic precursors (PP) , pamcesatbderm (PE) and finally
t o-liké cells. Recombiant human Activin A (AA) (100 ng/ml), Wnt3a (25 ng/ml),

FGF7 (50 ng/ml), Noggin (50 ng/ml) were purchased from Peprotech (Rocky Hill, NJ).
KAAD -Cyclopamine (0.25 uM) was purchased from Stemgent (San Diego, CA).

Retinoic acid (RA) (2 uM) was purchased fro8igmaAldrich (St. Louis, MO).
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Epidermal growth factor (EGF) (50 ng/ml) and Exendli(b0 ng/ml) and DAPT (10 uM)

were purchased from R&D Systems (Minneapolis, MN).

Stagel Stage 2 Stage 3 Staged Stage 5
) DMEM-1%627
RPMI RPMI ;_@I/wl-le\; 50ng/ml Noggin DMEM DP"IIE_M
100ng/mlActivinA] — 0.2% FBS ° 50ng/ml FGF7 1%p27  |17:B27

50ng/ml Noggin 50ng/ml Exendin4

25ng/mIwnt34 |100ng /ml Activin A 50ng/ml FGF7 ozé:rr\; EQAD 50ng/ml EGF L0uM DAPT
1day 2 days 2 days 4 days 5 days 5days +
0CT4 SOX17 HNF1B PDX1 NKX6-1 INS
NANOG FOXA2 HNF4A HNF6 NGN3 CPEP
SOX2 CXCR4 HLXBSY PAX4 GHRL
EpCAM NKX2-2 SST

PPY

Figure 6. Schematic of stepwise differentiation procedure to achieve insulin
producing cells in vitro. Stage of differentiation, growth factors and medium

components, and key markers expressed at each stage are represented.
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CHAPTER ONE

DEVELOPMENT OF INSULINPRODUCING CLUSTERS FRONDX1

TRANSDUCED HUMAN AMNIOTIC FLUID STEM CELLS

The purpose of the experiments outlined in this chapter was to develop a novel
source of renewable insulproducing cells for celbased therapy in the treatment of
diabetes mellitus (DM). Amniotic fluid stem (AFS) cells were examined for their ability
to respond to pancreatic developmental cues. We then developed methods to introduce
the pancreatic regulatory ge®DX1, into AFS cells using nucleofection and adenoviral
transductionln vitro differentiation ofPDX1 expressing AFS cells was performed and

cellular phenotype, gene expression and ability to produce insulin was examined.

Characterization of AFS cells

AFS cells were selected for-IKIT expression, cloned and cultured as a
homogeneous, aerent cell population (Figure).7Prior to experimentatig cells were
analyzed by flow cytometry to verify the presence of surface markers characteristic of
pluripotency and the absence of surface markers associated with lineage restriction
(Figure 8) Pluripotent stem cells, including ES and iPS cells, expnegs levels of
SSEA4, a surface marker which is also present on 91% of AFS Aelédysis of

additional markers revealed tHE?(0% of AFS cellsexpress the hyaronic acid receptor
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CD44 and 10% express the enzyme CD73. AFS cells also express high (20680)of

the stem cell marker CD90 which is falion hematopoietic stem ce[l837], hepatic
progenitor cell§238 and human endmetrial stem cell§239. The TGFb superfamily
receptor CD105 is highly expressed on hematopoetic stemasehNgell as AFS cells
(100%). Other surface markers associated with pluripotency and muftigoteere
completely absenin the AFS cells including TRAB0, TRAL-81. AFS cells were
negative for the known hematopoietic marker CO2%) and CD34 (2%)In their
undifferentiated state, AFS cells demonstrated robust expression of embryonic and

mesenchyral associated membrabeund surface antigens.

Figure 7. AFS cell morphologyunder growth conditions. To maintain potency AFS
cells are grown on petri dishes in Chang medium and passaged when they reach 70%

confluency.
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Figure 8. Human AFS cells express surface marker profiles consistent with stem and
progenitor cell types. Flow cytometric analyses of AFS cells in growth conditions for

up to 24 passages by fluorescently labeled antibodies to SSEA4, CD44, CD73, CD105,
CD34 and CD45. Gate M1 was drawn based on expression of appropriately matched

isotype controls.
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Human AFS cell response to directed definitive endoderm differentiation

High levels of Activin A and low levels of serum, conditions which mimigivo
signaling occurring during the endodermal stage of development, have proven to
effectively differentiate pluripotent ES and iPS cells towards definitive endofi&m
240, 241]. PluripotentAFS cells have have shown the ability to differentiate into cell
types representative of all three germ layarsitro [111]. The microenvironment is a
critical factor in pancreatic development and the extracellular matrices that make up the
pancreas include fibronectin, laminin and collagen [B42 243. In an attempt to
achieveefficient endodermal differentiation from AFS celbs,variety of extracellular

matrix coatings were combined with Activin A addition

The differentiation protocol applied to AFS cells is a slight modification of the
protocol developed by @mour et al (2007) which effectively induces insulin
expression from pluripotent stem cellsans stage proceg430]. The first stage of our
modification involves plating AFS cells onto extracellular matrices, cells are then
cultured in medium with low serum (0226) and high levels of Activin A100 ng/ml)
for 4 days (Figure @). Compared to AFS cells under normal growth conditions, Activin
A exposure resulted in modest upregulation of the endodermal transcription factor
FOXA2 on each surface coating (Figur8)9 However, very little expression of other
factors critcal in this lineage, SOX1and CXCR4, was induced (Figure 9BAs a
definitive endoderm cell population was not achieved by exposing AFS cells to factors
successful in pushing other pluripotent stem cells towards this lineage, methods of
inserting the mader pancreatic regulatory geneDX1 to force pancreatic lineage

differentiation were examined.
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Figure 9. Treatment of AFS cellswith Activin A induces low expression levels of
some genes associated definitive endoderrA. Schematic ofdefinitive endoderm
induction protocol applied to AFS cells. AFS cells raveplated on a variety of
extracellular matrices, exposed to high levels of Activin A in the presence of low levels
of serum for 4 daysB. Quantitative PCR was performed to deteanscript levels of
genes characteristic of definitive endoderm under each condition with normalization to

undifferentiated AFS cells cultured under growth conditions. Gene expression levels
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were normalized to GAPDH and undifferentiated AFS cells under thraanditions

were used as a baseline for comparison.

Efficient introduction of a selectabRDX1 plasmid to AFS cells

Pdxlis a known master regulator gene that is required in pancreatic development
from the gut tubg244-24€]. Overexpression oPdxlby plasmid transductioim to AFS
cells maypush them to differentiate toward the pancreatic lineage. To achieve a pure
population ofPDX1 expressing AFS cells, the vector also contaiagtuncated version
of the cell surface antigemouseH-2K* (murine MHC 1)to allow for surface marker
basedmagretic cell sorting.Delivery of the PDX1-H-2K* or H-2K* control plasmids to
AFS cells was performed byfarm of electroporation called nucleofection. Cgblecific
reagents and protocols provided by the manufac(@mmaxa)do not include AFS cells.
We therefore optimized the nucleofection conditions to achieve maximal viability and
efficiency. Endothelial cell reagents were used and the nucleofection prognarolling

the pulse length and voltage, cell number and DNA aunaton were varied.

Initial transfection experiments of nucleofecti®pX1 H-2K* or empty H2K"
constructs into human AFS celisd flow cytometry analysisonfirmed that the F2KX
protein is expressed on the cell surfaneboth populations(data not sbwn). To
determine the optimal nucleofection program, several were tested for their ability to
effectively deliver the nPDX1-H-2K* vector into AFS cells. Flow cytometrfor
examiniation ofH-2K* surface markeexpressio8 hours after nucleofection revedl

several programs that achieved around 50% efficiency including T20, T23, U21 and U23
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(Figure 10. Under these conditions a considerable amount btleath(>25%)was also
observed immediately after the procedunewever48 hours after the procedunglt
microscopy revealed normal cell morphology with no shrinkage or cell rounding which
might be associated with continued cell de8#sed on the overall AFS cell quality and
continued growth as observed by light microscopy, program T23 was chosenufer f

experiments.

Further optimization by varying the AFS cell number and DNA concentration to
be nucleofected was performed. As there was upwards of 25% AFS cell death, even
under the most optimal nucleofection program, we increased the cell numbeiltiord
or 10 million cells with the goal of attaining a higher number of viable cells after
nucleofection. Flow cytometry on the-2K* surface antigen performed 48 hours after
nucleofection revealed 70% efficienay the condition with 5x10and 20eg of DNA
(Figure 11). As this was the highest efficiency achieved we continued with these

conditions for further experimentation.
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Figure 10. Optimization of nucleofection program for introduction of a PDX1
expressing H2K* vector into AFS cells.Nucleofection programs with varying electrical

pulse time and pulse strength were examined based on those recommended for primary
epithelial cells to determine the most efficient for plasmid DNA delivery into AFS cells.
Flow cytomety of fluorescently labeled antibodies against th2kf surface antigen was

performed 48 hours post nucleofection to quantify efficiency.
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Figure 11 Optimization of cell number and DNA concentration for introduction of

a PDX1 expressng H-2K* plasmid into AFS cells.To achieve a large number of viable
H-2K* expressing AFS cells starting cell number and amount of DNA were varied while
maintaining program -R3. Flow cytometry of a fluorescently labeled antibody against
the H2K* surface antigen was performed 48 hours post nucleofection to quantify
efficiency and viability was determined based on visual analysis of the number of cells

attached and the rate of cell growth.

Enrichment of transfected,-EKk expressing AFS cells bypnmunoselection

To achieve pure population of AFS cells expressing eithékalone orPDX1
and H2K¥, magnetic sorting was performed. A stringent sorting program consisting of a

two column selection was chosen to achieve the highest amount of purification. The
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percentage of AFS cells expressing the2kf surface antigen 48 hours post
nucleofection was copared before and aftenagnetic purification. Nucleofectezklls
labeled with magnetic beads conjugated to th@KH surface marker were passed
through the columns under a magnetic field and then labeled again with a fluorescently
conjugated antibody aganthe mgnetic bead and analyzed by flow cytome#yior to
magnetic purification, the optimized nucleofection conditions were performed and a
transfection efficiency of 67% was achieved for thekf plasmid and 74% for the
PDX1 H-2K* plasmid(Figure 12\). Upon stringent magnetic selection, the percentage of
cells expressing the-BK* transgene increaseéd 99% in both groups (Figure BR As a

result of the rigorous sorting procedure a percentage of cells expressing low levels of the
H-2K® surface marke 33% H2K* and 35%PDX1 H-2K¥, were emitted in the flow

through portion(Figure 1Z0).
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Figure 12 Purification of human AFS cells transfected withempty H-2K control or
mPDX1 expressing H2K* vector. Flow cytometry analysis of 2K¥ expression. A.

AFS cells transduced with the expression plasmid ar@464 positive. B. AFS cells
transduced with the expression plasmid and purified by magnetic immunoselection on
autoMACS are 99% positive. C. The flow through fraction retain838 of hose AFS

cells expressing low levels of-BKX.
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Transfected AFS cells demonstrate transient transgene expression

Expression ofPDX1 is not continuous throughout pancreatic development, but
instead occurs in two distinct phad@g7, 248. The firstphase of expression is in the
dorsal and ventral pancreatic bu@)X1 expression then decreases during endocrine
lineage specification and reappearssiendocr i ne c ecellifate Opr@geaks e s si n
was to exploit ectopi®DX1 expression to induce pereatic lineage commitment from
AFS cells. We hypothesized that after this initial commitment, growth factors and
medium components could take overaibow further differentiation to proceed as in
normal pancreatic development. In this case, tranBiIBXtL expression is critical so that
committed, partially differentiated AFS cells can regain transcriptional control to

naturally undego further differentiation andhaturation.

After magnetically sorting AFS cells expressing high levels of tfKKsurface
antigenwith or withoutPDX1, cells were cultured under normal growth conditions and
PDX1 expression was confirmed Isgmiquantitative PCR and quantitative PCR 72
hours post transfection nBDX1 expression was detected in the cells receivimg
control H2K* plasmid. However, high levels &DX1 were detected in both the purified
population and the flothrough population of AFS cells which had received tirbid1
H-2K* vector Figure 13A). Quantitative PCR confirmed these results and alsealed
that the amount oPDX1 expression in the flowhrough is about half the level of the

selected (Figuré&3B).
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Figure 13 Confirmation of PDX1 gene expression in transfected, selected AFS cells.
AFS cells nucleofected with eith@DX1 H-2K* or empty H2K* were cultured under
growth conditions for 48 hours and thémmunoselected based on surface2lkf
expression. The 2K positive fractions as well as the flow through fractions were
replated under growth conditions for an additional 24 hours. -§aanititative PCR (A)

and quantitative PCR (Byereused to verify tb expression dPDX1 from the transgene.
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The highest levels dPDX1 expression was observed in tRBX1 H-2K* nucleofected

positive fraction at this stage.

Transfected cells remained viable in culture and expanded under normal growth
conditions over the aose of 16 days. To confirm the transient nature of transfection,
expression of the transgenes, moB&X1 and H2K, were examined in a single cell
population at various time points throughout this expansicsebyquantitativePCR. In
the AFS cells trasfected with fPDX1 H-2K¥, there was a marked drop in expression of
both transgenes over the time peranbalyzed(Figure 14. PDX1 expression in these
cells gradually decreased over time in culture and was undetectable by 16 days after
selection Figure 14\). H-2KX expression in the same cell population declined more

quickly and was undetectable by day 14 (FigiL4B).

A H2KK
Days Post-Nucleofection 2 4 7 911 14 16
B Pdx1
——
Days Post-Nucleofection 2 4 7 911 14 16

Figure 14. Ectopic transgene expression in human AFS cells progressively decreases
over a 16 day period.AFS cells nucleofected with tHeDX1-H-2K* plasmid using 5

mi I I i on ga DNAsand peoframeR3 were cultured under normal growth
conditions for 16 days with passage approximately every third day. Transgene expression

was analyzed bgemiquantiative PCR at the time points indicated.
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Pancreatic lineage induction of purifiedD X1 positive AFS cells

The purified population oPDX1 expressing AFS cells was subjectedrtwitro
pancreatic lineage differentiation conditions including paithine coating and serum
free medium containing bFGF (Figui&). Partially differentiated stem cells expressing
PDX1 have been shown to respond to a variety of growth fagtohsding bFGF, EGF,
ATRA, Noggin, IGFIl and nicotinamide resulting in indiget of insulin, cpeptide,
glucagon and the glucose transporter (Glet@)ressiorj71, 72]. In particular, bFGF has
been shown to promote proliferation of pancreatic lineage ¢eH®, 250. We
hypothesized that introduction of ectof#®X1 into AFS cells would cause panatie

lineage commitment and that bFGF would induce further differentiation and expansion.

AFS cells cultured under growth conditions maintain an elongated, fibrdikast
shape. Howevenyithin the first 2448 hours after exposure to differentiation caoiogis
the PDX1-AFS cells became rounded, aggregated together and formed large clusters
(Figure 16. However, after several days tR®X1 transduced AFS cell clusters begin to
shrink and by day 5 are nearly nonexistdnterestingly, AFS cells that receivehe
empty H-2K* control vector showed dramatically decreased ability to survive under the
same differentiation conditions and were unable to form viable clusters at any time point

(Figure 16.
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Figure 15. Schematic of the procedure for attempted differentiation of AFScells toward
insulin-p r o d u clikencglls. Dhe differentiation protocol is divided into two distinct stages.
The first stage is characterized by DNA transfection followed by cell recondrgxgansion for

2 days. The second stage includes transfer of transfected AFS cells H4o-qulighine coated
dishes in the presence of serum free medium and bFGF for up to 5 days. Effe@XDbf

expression in this system were analyzed.
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H2K*

Figure 16. AFS cells overexpressing?DX1 survive well and form clusters under
differentiation conditions. AFS cells transfected witRDX1-H-2K* or empty H2K* and
cultured under the differentiation conditions outlined were observed by light microscopy
for cluster formation at the time points indicaté&dS cells nucleofected witRDX1
survive well and form clusters in differentiation conditioms. contrast, AFS cells

nucleofected with empty 42K* are unable to survive under these conditions.

PDX1 overexpression inducesPAX6 mMRNA expression in pancreatic lineage

differentiation from AFS cells

Transcriptional regulation is a critical process throughout pancreatic development
and activation of genes critical for each stage at the appropriate tichdoathe
appropriate level is vital for norah developmenf251]. PAX6 is a transcription factor
expressed in the developing pancreas and has been shown to be a marker of pancreatic

progenitors which contribute to the islets and pancreatic d2&® 253. All adult
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pancreatic endocrine cells also expr&&X6 and its inactivation causes significant

reduction in the amount of insuliproducing cells in the pancre@b4, 255.

PAX6 expression was examined RDX1 H-2K* and empty FH2K* transfected
AFS cells and BJ fibroblasts after selection and induction of differentiation by culture on
poly-L-ornithine with bFGF. RNA was extracted from cells prior to nucleofection, 3 days
postnucleofection and 5 days post nucleofection and spranitative PCR was
performed to examin®AX6 expression in each of these stages. Under normal growth
conditions, AFS cells express small amountsP#fX6 but no PDX1 (Figure 17A).
Immediately after F2K¥ based immunoselection 3 days postleofection, bth AFS
cells and BJ fibroblast control celisicleofected witPDX1 H-2KX express high levels
of PDX1 from the tansgene, as expected (FigureBL7At this stage AFS cells
transduced witlPDX1 H-2K¥ but not the empty #K* vector express low levels of
PAX6 (Figure 1B). Purified cells were replated onto pétprnithine coated dishes in
serum free medium with bFGF and mRNA from clusters that were collected 2 days later
(5 days poshucleofection) showed continuedPDX1 transgene expression and an
increase iNPAX6 expression inlPDX1 H-2KX AFS cells that was not seen undey
other condition (Figure 1B). This stem cell specifi&DX1 dependenPAX6 expression

reveals induction of pancreatic lineage differentiation from AFS cells.
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Figure 17. Induction of PAX6 expression in transfected AFS cells isPDX1
dependent A. AFS cells under normal growth conditions expressPmX1 and very

little PAX6, BJ foreskin fibroblasts show no expression of either gene as analyzed by
semiquantitative PCRB. AFS cells or BJ fibroblasts transfedteith either PdxH-2K*

or empty H2K* were cultured in growth conditions for 3 days and transferred tolpoly
ornithine coated dishes with serum free medium and bFGF for an additional 2 days. RNA

was collected at daya&nhd day 5 postucleofection for sermjuantitative PCR analysis.

Adenoviral vector gene delivery

Adenoviral mediated gene delivery was also examinea ast@nativemethod to
overexpress exogenolDX1 and drive AFS cells toward the pancreatic linedglee
nucleofection, adenoviral transduction is a4aegrating, transient approach for ectopic
gene expression. However, nucleofection proved to be a harsh appvbathkilled

many AFS cellandthose cells that survived appeared to be fragile aatlario handle
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manipulation without significant cell death for several days after the procedure.
Adenoviral mediated gene introduction is a much more gentle approach that we believe
may achieve high levels d?DX1 expression and allow manipulation of celilture

conditions required for pancreatic differentiation.

AFS cells were transduced with eithePBX1 expressing adenovirus (A@DX1)

or a control adenovirus expressing LacZ {atZ). Transgene expression was
confirmed 48 hours after transduction bynseuantitative PCR which revealed high
expression of the transgene as well as the presence of the adenoviral vectorl@Ayure
Immunostaining was performed at the same time point to determine protein expression
and to confirm the transduction efficiencyln both AdPDX1 and AdLacZ, after
transduction of 1 X TOAFS cells with 1 X 181U Ad-PDX1 or Ad-LacZ (MOI=10), the
efficiency was approximately 50% (Figut@B). PDX1 overexpression was achieved

by adenoviral vector; however, this vector did not include a form of selection so a pure

population ofPDX1-expressing AFS cells was not achieved.

A Ad-Pdx1 Ad-LacZ

Ad-Pdx1
Ad-Pdx1
Ad-lacZ

AFS
Ad-LacZ

AFS
AFS

Adenoviral

71



Figure 18 Adenovirus-mediated gene expression in AFS cell2DX1 and LacZ
expression were visible by immunostaining (A) and sguantitative PCR (B) 48 hours

after transduction with adenovirus.

Pancreatic lineaqge differentiation of transduced AFS cells

A similar protocol as previously describedas used to differentiate AADX1
AFS cells toward the pancreatic lineage vitro (Figure 19). After adenoviral
transduction pancreatic differentiation was induced by includiciivin A to stimulate
endodermadifferentiation followed by BGF and nicotinamide to promote proliferation
a n d-cellbmaturation.Ad-PDX1 and AdLacZ transduced AFS cells exhibited no
differences in survival and proliferation rates in the early stages of differentiation.
However, upon atition of growth factors to stimulate pancreatic differentiation, a clear
difference emerged between the groups:-PAaX1 AFS cells were able to proliferate
under these differentiation conditions and sal§embled in to rounded clusters while

Ad-LacZ AFS ells exhibited poor survival and no colony formation (Fig@e
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Figure 19. Schematic of differentiation procedurefor attempted differentiation of
adenovirally transduced AFS cells toward insulinproducing b-like cells. Stage 1:

AFS cells are transduced with adenovirus and cultured in growth medium. Stage 2:
Culture with Activin A induces endodermal lineage commitment. Stage 3: Cells are
replated on poRL-ornithine coated dishes and cultured with bFGF to encourage

progeritor proliferation. Stage 4: Nicotinamide is added to the culture long term to induce

b-cell maturation.

73




Ad-LacZ

P

Ad-mpdx1l *

»

Day2

Daysin Differentiation

Figure 20. Effects of endocrine pancreas promoting cultte conditions on AFS cells
overexpressingPDX1. AFS cells transduced with adenovimentainingPDX1 or LacZ
control were cultured under the differentiation conditions outlined and observed by light
microscopy for cluster formation at the time points indicatdes cells transduced with
PDX1 adenovirs survive well and form isldike clusters in differentiation conditionin
contrast, AFS cells transduced with LacZ control adenovirus are unable to survive under

these conditions.

Gene expression throughout differentiation

Throughout the stages of fhifentiation the colonies werexamined for
expression of genes required to promote pancreatic differentiation bygsantitative
and quantitative PCHEndogenous expression of the pancreatic reguidofl is critical
as exogenouBPDX1 expression is transienliGN3 is a transcription factor involved in

establishing neural precursor cells and in late stages of pancreatic development. In the

74



pancreasNGN3 is critical in late stages of development as it has been shown to be

expressed inrelocrine progenitors and to be required for endocrine specifid&tith

Quantitative PCRprobes specific to either mouse or hunkdmX1 (Table 1) were
used to distinguish between expression of exogenous, adenoviral gene expression and
turn on of endogenous gene expression. Expression of adenoviral RidXdegeaks 48
hours after transduction drsteadily declines throughout the differentiation process until
levels are undetectable by 14 days into differentiation (Figlkg¢. Endogenous human
PDX1 expression becomes upregulated during the differentiation process at day 10 and
with declining expession at day 14 (FigudB). Low levels of huma®DX1 expression
were observed in the AdacZ transduced cells at the latest stage of differentiation,
suggesting that the culture conditions may have induced this slight upregulation (Figure

21B).

After adenoviral transduction and 48 hours of Activin A treatmeanthe end of
stage 2a 3 fold upregulation dNGN3 expression was observed in AFS cells transduced
with Ad-PDX1 compared to controls (Figui22A). Interestingly, low levels oNGN3
expression we observed in Ad.acZ but presence ¢tDX1 enhancedNGN3 expression
by a factor of 3After Activin A treatment, cells were replated onto pbbprnithine and
cultured with bFGF for 2 additional days. At thisie point, the end of stage BDX1
dependentPAX6 turn on was observed, similar to that seetha vector mediated AFS

pancreatic differentiatio(Figure22B).
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Figure 21 Effect of adenoviral transduction on PDX1 expression throughoutthe
pancreatic differentiation procedure. Speciesspecific primer/probe sets were used to
distinguish mousePDX1 expression from humarPDX1 expression throughout
differentiation. A. kogenous mousBDX1 expression is down regulated over the course
of the differentiation procedure PDX1 transducd cells.No mousePDX1 expression is
present in LacZ and untransduced AFS cells at any time mirEndogenous human

PDX1 expression is upregulated over the course of the differentiation procdai@Xih
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