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Abstract

Stem Cell-derived β cells (SC-β cells) are an unlimited source of islet-like material for
curative transplantation in patients with Type 1 Diabetes. SC-β cell potential to supplement or
replace human islets for transplantation is limited by their ability to sense changes in glucose
levels and respond by secreting insulin to restore normoglycemia. SC-β cells respond to glucose
in vitro, but at a magnitude lower than that of human islets. We have analyzed their capability to
sense glucose and undergo glucose stimulated insulin secretion (GSIS) in vitro and identified a
novel bottleneck in glycolysis, limiting their potential to undergo GSIS. Bypassing this deficiency
in metabolism results in an insulin secretion profile indistinguishable from human islets. SC-β cell
glucose sensing also improves after transplantation. To study this process, we have analyzed
gene expression changes before and after transplantation into immune-compromised mice. In
addition to identifying changes in pathways regulating insulin secretion, we have identified Islet
Amyloid Polypeptide (IAPP) as a potential marker of more mature SC-β cells. Using a dual knockin fluorescent reporter line, we have characterized the dynamics of the IAPP-expressing SC-β cell
subpopulation before and after transplant, demonstrating IAPP expression marks a more mature,
stable population of SC-β cells in vitro. In summary, we have identified a glycolytic defect in SCβ cells limiting their function in vitro. Bypassing this defect will assist in generating SC-β cells for
cell-based therapies for diabetic patients. Analysis of gene expression during in vivo functional
maturation of SC-β cells revealed IAPP expression is characteristic of more mature SC-β cells in
vitro and has provided a new marker for SC-β cells during differentiation.
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Chapter 1: Introduction

1.1 Pancreatic Control of Blood Glucose
Energy homeostasis in vertebrates is controlled through intake of nutrients and their
subsequent breakdown and distribution to tissues throughout the body, tightly controlled in a
tissue-specific manner [1]. Just as a lack of nutrients is fatal in starvation, disturbed transport,
metabolism, and storage of fuel sources can have devastating effects on human physiology [2].
The endocrine compartment of the pancreas regulates metabolism and transport of ingested fuel
sources [3, 4]. The mammalian pancreas is located inferior the stomach and is structurally
comprised of branched ducts, collecting digestive enzymes derived from exocrine acinar cells at
edges of these branches which together account for approximately 95% of the pancreas. These
ducts converge with the common bile duct, collecting a mix of digestive enzymes from the
pancreas and bile from the gallbladder to facilitate nutrient breakdown in the duodenum of the
small intestine [3, 4]. Once nutrients are absorbed into the bloodstream via the small intestine,
glucose derived from meals or the liver’s gluconeogenic functions must be taken up by peripheral
tissues to maintain adequate fuel for cellular processes [5]. Regulation of glucose liberation from
the liver and its clearance from the blood by peripheral tissues is regulated by several peptide
hormones produced in the islets of Langerhans: the neuro-endocrine component of the pancreas
organized into small, functional mini-organs located adjacent to the branched duct structures of
the pancreas. Islets account for only 1-2% of the pancreatic mass. The human pancreas contains
approximately 1 million islets, each composed of 500-5000 cells [3, 6].
Each islet is highly vascularized and innervated to facilitate rapid release of hormones into the
blood stream and incorporate autonomic control of energy homeostasis [7, 8]. The adult human
islet is comprised mainly of glucagon-producing α cells and insulin-producing β cells as well as
smaller populations of somatostatin-producing δ cells, ghrelin-producing ε cells, and pancreatic
polypeptide-producing PP cells [3]. Control of the carbohydrate fuel source glucose in the blood
stream and peripheral tissues is mostly regulated by the α and β cell populations. Glucagon is
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released from α cells which acts to increase glucose in the blood stream through stimulating the
liver to undergo gluconeogenesis from glycogen stores in low glucose conditions. The pancreatic
β cell makes up 50% of the human islet endocrine population on average [6]. These cells respond
to increased blood glucose levels by secreting insulin, driving glucose uptake in peripheral tissues
and lowing blood glucose levels.
1.2 Insulin Action
Normal human blood glucose levels range from 80 to 120 mg/dL [9]. This range is
maintained through the endocrine actions of glucagon and insulin as described above. Prolonged
excursions outside of this range can be fatal if left untreated. Acute episodes of hypoglycemia,
defined as a blood glucose level less than 70 mg/dL can be deadly, depriving the brain of its
obligate fuel source [10, 11]. Even short periods of hypoglycemia can lead to coma and death if
left untreated. In contrast, acute hyperglycemic excursions are not as immediately life threatening
as hypoglycemia [12]. Loss of glycemic control due to disrupted insulin action is the defining
feature of diabetes. Chronic hyperglycemia is observed in both type 1 and type 2 diabetes when
untreated, defined as a fasting plasma glucose level above 126 mg/dL [13].
Insulin is expressed as a 110 amino acid protein. Its signal peptide directs translation at
the endoplasmic reticulum where the peptide forms three disulfide bridges between cysteine
residues to form a looped structure which is cleaved by prohormone convertases 1 and 2,
resulting in a 51 amino acid mature peptide and the liberation of the middle peptide sequence,
referred to as the insulin C-peptide [14]. Insulin exerts its glycemic lowering activity by engaging
the Insulin Receptor, signaling through the Insulin Receptor Substrate protein to activate
PI3K/AKT signaling [5]. This in turn drives translocation of glucose transporter proteins to the cell
membrane, allowing them to increase glucose flux into the cell. Loss of insulin signaling is lethal
if left untreated and results in a wasting disease-like state in humans, as was the case before
discovery of insulin as a treatment for diabetic patients [15]. Paradoxically this results in
3

pathologically high levels of circulating blood glucose without glucose uptake in peripheral tissues,
resulting in hyperglycemic damage to blood vessels due to a lack of glucose clearance and
simultaneous starvation of tissues dependent on insulin signaling for sugar transport and cellular
uptake. Conversely, overabundance of insulin signaling is more acutely dangerous than chronic
hyperglycemia; insulin-driven drops in blood sugar below safe levels results in starvation of
peripheral tissues if glucose is cleared to quickly without available dietary or glycogen-derived
glucose from gluconeogenesis to replenish absorbed circulating sugars [10]. Hypoglycemic
events occur with some frequency among diabetics that require insulin injections. Most type 1
diabetic patients have experienced multiple hypoglycemic events especially when first learning to
manage their disease [10, 16, 17]. Some patients experience difficulty in maintaining
normoglycemic throughout their lives, a condition termed “brittle diabetes” , and are considered
strong candidates for islet replacement therapy as insulin injection alone is insufficient to maintain
normoglycemia [18].
1.3 Overview of Diabetes
Diabetes is a disease of disrupted insulin-stimulated glucose uptake in peripheral tissues
and is sub-classified into two types of disease. Type 2 Diabetes (T2D), also known as adult onset
diabetes, or insulin-independent diabetes, is the most common form of diabetes worldwide [19].
T2D is driven by an insensitivity to insulin signaling in peripheral tissues, causing hyperglycemic
excursions in patients due to the lack of glucose uptake from the blood stream, inhibited β
oxidation, and induction of glycogen synthesis [5, 20-24]. This lack of insulin sensitivity is driven
by a complex set of factors resulting in decreased insulin receptor downstream signaling [5].
However, as only a fraction of individuals with insulin resistance develop T2D [22, 25], other
factors also play a role in determining the risk of developing this disease, including genetic
predisposition [26], and possibly starting β cell mass in the pancreas as this varies greatly
between individuals [25, 27]. Insulin resistance also drives β cell dysfunction and death over
4

longer periods of time, due to stress of increased insulin demand and toxicity of chronically
elevated glucose and triglycerides in the blood stream [28-30].
While T2D is characterized by the lack of insulin sensitivity and the dysfunction of the islet β
cell population, type 1 diabetes (T1D) is an autoimmune disease in which the destruction of β cell
mass is driven by autoreactive T cells [31, 32]. Disease risk is determined by a combination of
genetic predisposition and environmental factors which are incompletely understood [33].
Genome-wide association studies have identified risk gene variants in human leukocyte antigen
(HLA) genes as the major risk alleles associated with the disease [34-36]. Ultimately, immune
rejection of the host’s β cell mass eliminates endogenous insulin signaling and its regulation of
glucose uptake in peripheral tissues. For this reason, T1D is referred to as insulin-dependent
diabetes. Pancreatic extracts containing insulin capable of rescuing T1D was first reported in 1922
[15, 37]. Within one year of its original discovery, isolated insulin was used to treat diabetic
patients throughout much of North America [37]. The discovery of insulin transformed our
understanding and treatment of type 1 diabetes; a gruesome and fatal wasting disease
accompanied by paradoxically toxic levels of carbohydrate buildup in blood and treated through
a starvation diet became a manageable, chronic disease with insulin replacement therapy.
In both diseases, patients can be treated with synthetic insulin to regulate blood sugar. Type
2 diabetics can also be given other medication to suppress gluconeogenesis from the liver and
may require higher doses of insulin to maintain normoglycemia to overcome insulin resistance in
peripheral tissues [5]. Chronic hyperglycemia drives long-term damage to endothelial cells,
resulting in microvascular complications in diabetes and also damages podocytes and the
proximal tubule of the kidney, the glia of the retina, and peripheral nerves [38]. These pathologies
caused by prolonged hyperglycemia are secondary to the lack of insulin action in diabetes but
drive the most serious co-morbidities of the disease. Worldwide there are 422 million patients
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suffering from diabetes as of 2014 [19]. Two years previously there were 2.2 million deaths
worldwide caused by high blood sugar and related complications [19].
Recombinant insulin therapy is the only non-surgical method to rapidly control diabetes, either
directly injected or as part of an insulin pump system [9]. While exercise and improved diet can
reverse disease progression in some T2D patients [5], there is currently no therapy to reverse the
course of disease in T1D as there is no way to pharmacologically restore lost mass of pancreatic
β cells. Adult β cells are post-mitotic and do not replicate at a significant level to accommodate
compensation for increased insulin demand [39, 40]. For this reason, as the pancreatic islet mass
is lost, there is very limited capacity to increase insulin output capacity. While there is currently
no way to regenerate the endogenous β cell mass in T1D, curative restoration of the β cell
population has been achieved in T1D patients using cadaveric islets transplanted into the hepatic
portal vein which engraft into the highly vascularized liver; a technique termed the Edmonton
Protocol, combining immune suppression and large numbers of cadaveric islets [41, 42].
However, this treatment requires immune-suppression for the rest of the patient’s life. For this
reason, these transplants are limited to patients already on immunosuppression (often paired with
kidney transplant for end stage renal failure) [41-43]. While these patients do achieve insulin
independence after transplant, cadaveric islet material is a limiting resource and the obligatory
immune-suppression makes this a less-than-ideal regenerative therapy.
1.4 Stem Cell-derived Β Cells
It is now well established that replacement of the β cell mass in diabetic patients is sufficient
to restore insulin signaling and normoglycemia in human patients using transplanted islet material,
though long-term efficacy of transplanted materials may make further transplants necessary to
maintain adequate islet function years after transplantation [41, 44, 45]. The scarcity of tissue and
need for immune suppression makes stem cell-derived β cells (SC-β cells) an ideal cell-based
therapy for T1D patients and possibly for patients with T2D. This approach uses human
6

pluripotent stem cells, either from human embryonic stem cells (hESCs) derived from the inner
cell mass of the early blastocyst or from induced pluripotent stem cells (iPSCs) reprogrammed
from adult tissue sources [46-48]. SC-β cells can provide unlimited numbers of differentiated islets
and have the potential to be well-tolerated by the immune system either through use of autologous
iPS cells reprogrammed from an individual in need of transplant or using genetically modified iPS
cells which have been altered to become immune privileged or capable of repelling rejection from
the patient’s immune system [46]. This approach will be more difficult in T1D patients and may
require even more drastic methods to repel the immune system. Other approaches to encapsulate
stem cell-derived β cells for transplantation are also being developed; creating an immuneprivileged site for the cells to remain and function normally [49]. It appears that engineered devices
for immune protection will be the first tested use of SC-β cells in the clinical setting. However, it
is of interest to the diabetes field to achieve a gene-edited cell source able to evade immune
destruction, as it is not yet known how SC-β cells in an environment without endothelial cells,
active blood flow, and innervation will function in vivo compared to SC-β cells with this niche after
transplant. While these approaches are all under development by different groups, all SC-β
technologies will depend on the ability to differentiate pluripotent stem cells into a cell type which
is functionally equivalent islets faithfully, reproducibly, and using protocols with high efficacy
across different pluripotent cell lines.
SC-β cells also provide a novel platform for disease modeling ex vivo. Study of diabetes using
animal models has provided tremendous insight into the human diabetic condition and revealed
multiple therapeutic targets to improve islet function. However, animal models for a human
disease have also given some results that do not accurately reflect homo sapiens biology [50].
Some of these differences include the balance of acute versus chronic inflammation found in the
diabetic pancreas [51], immunomodulatory regimens that are effective in blocking rodent but not
human T1D onset [52], as well as differences in the genes regulating insulin release and glucose
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responsiveness in human versus rodent β cells [53, 54]. While the contributions of animal models
to diabetes research has been monumental, SC-β cells offer a complimentary approach to
disease modeling and drug screening which may prove as valuable moving forward, allowing
more studies to begin and end in the human species rather than identifying disease-related
mechanisms which must be cross-validated between human and rodent.
Generation of adult-like tissues from human pluripotent stem cell culture has come
remarkably far in the twenty years the stem cell community has been able to culture human
pluripotent cells in vitro. Pluripotent stem cell cultures from rodent models were first established
from the inner cell mass of the mouse embryo in 1981 [55, 56]. The identification of conditions
required to grow the ICM-derived pluripotent stem cells in humans was some years later [47].
With the ability to culture pluripotent stem cells in vitro, less than a decade later a method to
reprogram adult differentiated cells back to a pluripotent state was developed [48]. The ability to
produce stem cell lines with diabetogenic genotypes from donors with diabetes will facilitate new
platforms to study the human disease. Our laboratory and others have used this technique to
generate iPS lines from diabetic and non-diabetic donors and differentiating these lines into stem
cell-derived β cells (SC-β) cells [57, 58]. While we have made rapid progress toward making
mature β-like cells in vitro, more work remains to generate SC-β cells indistinguishable from their
human pancreatic counterparts.
1.5 Pancreas Development
The pancreas is derived from the endodermal germ layer in the embryo [3, 4]. Signaling
from the mesoderm specifies gives rise to anterior/posterior patterns of the forming gut tube, the
latter being the embryological origin of the pancreas [59]. Pancreatic buds sprout from the
developing gut tube at embryonic day 9.5, induced by VEGF and FGF signaling from the
developing notochord, pre-pancreatic mesenchyme, vitelline veins, and the primitive aorta [3, 60,
61]. These two buds are referred to as the dorsal and ventral pancreas, arising on opposite sides
8

of the gut tube. The dorsal bud develops 12 hours before the ventral structure, with the two buds
eventually fusing; dorsal pancreas producing the tail and part of the head of the pancreas with
ventral pancreas contributing to part of the pancreatic head only [3]. Endoderm containing the
pancreatic buds as well as the surrounding regions capable of generating intestine and stomach
are marked by expression of Pancreatic and Duodenal Homeobox 1 (PDX1) [3, 62]. Gut tube
regions expressing this marker are capable of producing upper intestine, pancreas, and stomach
outgrowths. Specification toward the pancreatic fate is achieved by induction and maintaining
expression of the transcription factors, Mnx1, Hnf1β, Gata4, Gata6, and Ptf1a, resulting in
pancreatic progenitor cells capable of generating all tissues within the pancreas [3, 63-67].
As the developing pancreas forms a lumen and begins to undergo branching
morphogenesis, progenitor cells are localized to the tips of the branching pancreas, maintaining
Pdx1 and Ptf1a expression and giving rise to all pancreatic lineages [68]. As the branching
pancreas begins to differentiate, pancreatic progenitors either remain a progenitor population and
lose expression of Ptf1a and retain Nkx6.1 or the opposite; forming acinar cells retaining Ptf1a
but not Nkx6.1 expression [3, 4, 69]. By embryonic day 14.5, acinar fated cells are located at the
tips of the branched cords of the pancreas with Nkx6.1-positive progenitor cells located within the
trunk of the developing pancreas [68], that will either differentiate to remain part of the ducts or
delaminate in order to form the endocrine islet compartment.
The timing of islet endocrine lineage induction is regulated by Notch signaling from the
cords of the pancreatic epithelium, which occurs at a significant rate beginning at day E12.5 [3,
4]. This ensures that the progenitor cells within the trunk of the developing pancreas to not exhaust
themselves in forming endocrine and duct lineages as the pancreatic mass expands [70]. A
subpopulation of pancreatic progenitors begins to produce the Neurogenin3 (NGN3) transcription
factor [71], which activates a subset of islet endocrine transcription factors and induces
delamination of the NGN3+ endocrine progenitors from the pancreatic cords [72, 73]. Induction of
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NGN3 expression induces a quiescent state and the balance of transcription factors NEUROD1,
ARX, PDX1, PAX4, NKX6.1, and HHEX determine the endocrine fate toward the alpha, β, delta,
epsilon, and PP lineages [3, 74-78]. Timing of this induction also appears to bias these NGN3
progenitors toward unique fates, with early NGN3 induction before E12.5 being fated mostly
toward alpha cells and E13.5 and onward fated toward β cells [72, 79]. As these cells bud off of
the cord and form islets these cells are vascularized and innervated [3, 4]. The mass of β cells
after endocrine induction is facilitated through β cell replication at the end of fetal development
and early in perinatal life before the β cell re-enters a quiescent state for the majority of its adult
life cycle [3, 73]. The regulation of endocrine induction during these steps is required for normal
islet function, as reduction in islet formation during embryonic development results in a
permanently reduced β cell mass, as β cells are incapable of regenerating substantial mass
throughout life [80].
1.6 Differentiation of SC-β Cells
Differentiation of SC-β cells is achieved by recapitulating these processes described using
a combination of small molecules and recombinant growth factors to simulate embryonic
pancreas specification and differentiation. Our differentiation protocol is defined by six distinct
steps of culture beginning with formation of definitive endoderm [81]. This step is achieved by a
72-hour incubation to activate Wnt and TGF-β signaling using a GSK3β inhibitor and recombinant
human Activin A [82-85]. These progenitors are immunopositive for SOX17 and lose expression
of markers of pluripotency. Definitive endoderm is then exposed to recombinant EGF10 (KGF) for
48 hours to induce foregut endoderm. Clusters are then exposed to stage 3 culture medium for
an additional 48 hours which contains high levels of the posteriorizing factor retinoic acid (RA)
and an inhibitor of sonic hedgehog (Shh) signaling for 48 hours in addition to KGF [83-87]. These
cells efficiently induce expression of PDX1. Reducing RA exposure while maintaining KGF
exposure and Shh inhibition for 5 days results in significant NKX6.1 expression, forming a
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pancreatic progenitor population similar to bipotent trunk progenitors capable of giving rise to
either duct or islet lineages [81, 88, 89]. Maintaining NKX6.1 through these stages is necessary
for proper induction of mono-hormonal SC-β cells able to remain insulin-positive after
transplantation. PDX1/NKX6.1 co-positive multipotent pancreatic progenitors are capable of
generating human islet tissue after prolonged transplantation into the sub-capsular space of the
kidney in immune-compromised animals [90], in contrast with polyhormonal cells which appear to
resolve into the alpha cell fate and are used as the source of in vitro differentiated alpha cells in
other protocols developed by other laboratories as well as our own [91]. It was later determined
that these cells lack the transcription factor NKX6.1 which is necessary to repress the α cell gene
expression profile driven by ARX, resulting in this continued culture in KGF stimulating medium
[76, 92]. Our group and others were able to optimize these culture conditions during pancreatic
progenitor induction to maintain high levels of Nkx6.1, preventing precocious endocrine
differentiation into endocrine-like cells not observed during human development.
Induction of NGN3 and the endocrine lineage in vitro is driven by inhibition of notch and
Alk5 signaling and exposure to thyroid hormone T3 [81, 89]. Resulting cells from this stage are
immune-positive for Nkx6.1 and C-peptide, which we currently use to define the SC-β cells in
differentiations. These cells comprise on average between 20 to 30% of the cells in culture [81,
88, 89]. These cells process and package insulin appropriately into secretory vesicles [81].
Maintenance of NKX6.1 expression during this process yields mono-hormonal insulin positive
cells after differentiation which are transplantable, in contrast to the polyhormonal cells produced
in earlier protocols without NKX6.1 co-expression [84]. These cells are subsequently maintained
in factor-free medium without continued exposure to any signaling molecules or growth factors.
These cells are stable for more than one month in culture and respond to glucose with increased
insulin release compared to basal fastening secretion levels at 2.8 mM Glucose. This final culture
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medium is the sixth step of differentiation and resulting cells are used for subsequent analyses or
transplantation.
1.7 Β Cell Mechanism of Insulin Secretion
The islet β cell secretes insulin to drive uptake of glucose in peripheral tissues [5]. This
hormone’s effect provides tissue with energy from dietary or liver-derived glucose to sustain
cellular function and acts to reduce blood sugar levels which can become toxic to some tissues if
chronically elevated, as is observed in the diabetic state. Β cells maintain a negative membrane
voltage potential of -70 mV, similar to that of neurons [93]. This negative membrane potential is
generated through efflux of K+ ions by ATP-sensitive K+ channels (K-ATP channels) at the
membrane [94]. As cytosolic ATP levels rise due to increased glucose metabolism, increasing the
ATP/ADP ratio, these channels undergo conformational changes, inhibiting their K+ efflux. Loss
of K-ATP channel activity causes membrane depolarization of the β cell [54, 94]. This loss of
polarization opens T, P/Q, and L-type calcium channels at the cell membrane and ryanodine
receptor calcium-sensitive channels at the endoplasmic reticulum [54]. Increased cytosolic
calcium concentration facilitates insulin containing granule exocytosis via activating SNARE
proteins on these vesicles and at the cell membrane, facilitating docking and exocytosis of the
insulin secretory granule’s insulin content (Fig. 1-1A-C) [95, 96].
Insulin secretion from a healthy islet occurs in a “bi-phasic” secretion pattern,
characterized by an acute peak of secretion after 5 minutes of challenge followed by a sustained
second phase of release at a lower magnitude that continues until normoglycemic conditions are
restored [97-100]. This biphasic pattern of secretion is thought to depend on dynamics of predocked, readily-releasable pools of secretory insulin vesicles that accompany the first phase of
secretion [54, 93, 96], followed by more centrally localized vesicles that require further priming
and reorganization of the β cells’ cortical F-actin structure to facilitate exocytosis [101, 102].
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Figure 1-1. Glucose stimulated insulin secretion. A) Glucose is transported into the β cell
using transporters GLUT1 and GLUT2 in the β cell. B) Metabolism of glucose through glycolysis
and the TCA cycle results in an increased ATP/ADP cytosolic ratio, inhibiting K+ efflux from the
cell and inducing depolarization. C) Depolarization induces opening of Voltage-dependent
calcium channels at the cell membrane and Calcium-sensitive channels at the ER. Calcium influx
facilitates exocytosis of insulin-containing secretory granules.
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Figure 1-1 continued.
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1.8 Functional Analysis of SC-β Cells
Functional insulin secretion analysis of primary and SC-β cells is performed by challenging
cell clusters from fasting to fed glucose levels (most commonly 2.8 mM to 16.7 mM) and
measuring insulin released into the supernatant during this time [81, 88, 89, 98]. This can either
be achieved with a series of static incubations or continuous perfusion to analyze the pattern of
insulin release during stimulation [103]. Other methods of analysis include measuring voltage
potential changes across the cell membrane using patch-clamping or cell-permeable voltage dyes
and live cell calcium flux analysis using calcium affinity dyes or genetically encoded calcium
sensors [54]. One challenge in functionally testing SC-β cells is the variable number of insulinproducing cells in each cluster as well as the range of functionality observed in cadaveric human
islets after prolonged cold ischemia experienced during procurement and shipping before analysis
at other sites. For this reason, the term function with regard to GSIS and SC-β cells has a wide
range of values associated with it. Initial reports of SC-β cells demonstrated fold changes of up to
3 after glucose challenge during static incubation in high glucose (Table 1-1) [81, 104, 105]. In
comparison, rodent islets and insulinoma lines have reported to increase insulin release more
than 20-fold after glucose challenge [106, 107]. This more similarly resembles the most healthy,
functional human islets tested in the literature [98].
We know that stimulation of SC-β insulin release is lower than that in human islets, but a
thorough comparison has not yet been reported to provide more detail on the dynamics of glucose
sensing in SC-β cells. In addition to being a source for cell-based therapies for diabetes, SC-β
cells offer a significant improvement over human cadaveric islets for disease modeling and drug
screening in vitro. Proliferation of the endogenous β cell population, which occurs at a much
higher rate in rodents than humans [27, 108], is driven by chronic glucose exposure. Glucose
sensing also drives hypertrophy of the human islet β population to compensate for increased
insulin secretion demand as insulin resistance progresses [25, 27]. Studying replication and other
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adaptations to demand for more insulin release will require appropriate glucose sensing in SC-β
cells toward identifying novel drivers of β cell replication. Fully functional SC-β cells will be crucial
for accurate disease modeling and as a readout for stress-induced dysfunction for T2D and
possibly T1D modeling [109]. Stress of continuous hypersecretion of insulin and its mediator, the
unfolded protein response will require massive insulin release induced by chronic hyperglycemic
conditions for T2D disease modeling and drug screening [110-112]. Without appropriate glucose
sensing and correct magnitude of GSIS, this stress will be insufficient for in vitro studies. In
addition, loss of β cell identity has been used as a way to measure and chronical β cell disease
states [113, 114]. The inappropriate or lacking expression of maturity-related genes will also
hinder their use as a disease modeling platform if a true unstressed, mature, healthy state is not
the starting point in these experiments. Further understanding of maturation-associated gene
expression and a better understanding of SC-β cell functionality is paramount to their success
both as a research tool using human islet-like tissue as well as a source of islet material for
curative cell therapy in T1D.
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Table

1-1.

Protocol

Modifications

and

[57, 81, 84, 88, 89, 104, 105, 115-118]
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1.9 Β Cell Metabolism
Β cell secretion of insulin is directly coupled to glucose metabolism to ensure appropriate and
rapid response to changes in glycemic levels over time [54, 94, 96]. While insulin acts as a growth
factor during embryonic and perinatal development [119, 120], its central role throughout life is
the maintenance of energy homeostasis in tissues other than the islet. Β cells express unique
enzymes for glucose metabolism which enable intracellular glucose to act as a cellular rheostat
to appropriately couple extracellular glucose levels to the release of insulin [121, 122].
The first step of glucose sensing in the β cell is transport of D-glucose into the intracellular
space. While most peripheral tissues express glucose transporters dependent on insulin signaling
for their localization to and activity at the plasma membrane, β cells express transporters that
function independent of insulin signaling, GLUT-1 and slightly lower levels of GLUT-2 [123, 124].
These transporters are constitutively localized to the plasma membrane and have a low km affinity
for glucose [123] resulting in significant transport as glycemic levels rise. Both channels ensure
constant β cell uptake of glucose, regardless of extracellular glycemic conditions, to facilitate rapid
response to changes in glucose levels. Cytoplasmic glucose pools are then freely metabolized,
with downstream metabolic flux directly coupled to extracellular blood sugar, causing rapid
changes in β cell energetics reflecting real time changes in blood glucose dynamics from fasting
to fed states. Initial reports of SC-β cell differentiation indicate appropriate expression of GLUT1
and GLUT2 in differentiated cells [81, 104], ensuring physiological glucose transport.
Generation of Glucose-6-phosphate (G6P) is the first rate-limiting step of glycolysis in the
β cell. Its generation is dependent on activity of the Hexokinase. Most hexokinase enzymes’ (HK13) activity are maximal at glucose concentrations less than 2 mM and are inhibited by increased
G6P levels in the cytoplasm [125, 126]. In contrast, β cells only express Hexokinase 4, also known
as glucokinase (GCK). GCK is different from the rest of the hexokinase family, as it has a lower
affinity for glucose, resulting in a higher Michaelis-Menten (Km) constant of 10 mM (150 mg/dL)
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as opposed to sub-1mM Km values of the rest of the HK family [127, 128]. GCK activity is also
insensitive to G6P accumulation, allowing sustained enzymatic flux until the extracellular glucose
concentration is lowered [126, 127]. Expression of HK4 allows glycolytic flux to occur at
physiological glucose levels when insulin becomes necessary. Inappropriately high levels of
hexokinase activity at low glucose could result in hypoglycemic episodes as described above.
Forced expression of other hexokinase enzymes will cause insulin release at low blood sugar
which is detrimental or glycemic regulation [125, 129]. Appropriate expression of both glucose
transporters and hexokinases have been confirmed in multiple differentiation protocols including
our own to generate SC-β cells, suggesting that the unique characteristics of glucose uptake and
initial metabolism are recapitulated in vitro [81, 89].
Abnormal metabolic gene expression abrogates the β cell’s ability to maintain
normoglycemia, and genes which are otherwise ubiquitously expressed outside of the islet but
interfere with β cell glucose sensing, are described as “disallowed genes” [121, 122]. These genes
regulate activities including lactic acid fermentation and transport activity, fatty acid synthesis and
metabolism, as well as lesser understood processes including Galactose Mutarotase which
interconverts glucose anomers. Inappropriate expression of disallowed genes can have
detrimental outcomes on patients, such as those who inappropriately express lactic acid
transporters. This is observed in patients with familial exercise-induced hypoglycemia [130], in
which insulin secretion is metabolically dysregulated, resulting in dangerous drops in blood sugar
during intense exercise caused by lactic acid production inappropriately stimulating insulin
secretion [131].
With glycolytic rate dependent upon extracellular glucose concentration, glucose-derived
pyruvate is able to drive oxidative mitochondrial metabolism at a higher rate as the islet β cell is
exposed to hyperglycemic conditions [132]. Efficient use of glycolysis-derived pyruvate for
oxidative phosphorylation of ADP in the mitochondria is ensured through tight suppression of
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disallowed genes in the lactic acid fermentation pathway [121, 122]. ATP production is the
initiating step in β cell insulin secretion and depolarization as detailed earlier. The islet is a highly
vascularized functional unit within the pancreas and receives a rich supply of oxygen to maintain
O2-consuming oxidative phosphorylation, with ten times the vascular density of the surrounding
acinar tissue [6], guaranteeing enough oxygen tension to support mitochondrial activity at all
times. SC-β cell mitochondria have not been well-characterized to date, though increased activity
has been recorded in several reports after high glucose challenge [104, 105, 133]. The first
examination of SC-β cell mitochondrial activity regulating insulin secretion suggests that
enrichment of β cell mass after differentiation improves GSIS phenotypes in vitro, through
improvement of mitochondrial function, as measured by oxygen consumption rate (OCR) [105].
However, this report does not exclude the possibility that OCR profiles improve after eliminating
non-SC-β cells and there is no direct mechanism given for reported improvements in
mitochondrial activity. Nevertheless, mitochondrial dynamics in SC-β cells may be key toward
generating more functional cells in vitro and the SC-β field is beginning to focus on this organelle’s
role in maturing GSIS profiles during differentiation.
In addition to ATP, other signals generated from glucose breakdown are characteristic of
and required for functional insulin secretion. Islet mitochondria maintain tremendous spare
respiratory capacity to drive oxidative phosphorylation [132]. Continuous mitochondrial activity to
drive ATP synthesis from pyruvate requires replenishment of the TCA cycle intermediates, as
these metabolites are continuously cycled into and out of the mitochondria and used for
biosynthetic processes [134]. A pre-existing pool of oxaloacetate (OAA) to combine with pyruvatederived Acetyl-coenzyme A must be maintained to produce citrate as the first step of the TCA
cycle [135]. Replenishment of these pools is facilitated by a family of processes which drive
“reverse” metabolism of carbon chains to refill these pools, a series of processes collectively
referred to as anaplerosis [134], balancing continuous loss of TCA cycle metabolites from the
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mitochondria, termed cataplerosis. One of the most important cycling reactions in the islet to
maintain oxidative phosphorylation and GSIS is pyruvate breakdown to produce oxaloacetate
through the enzyme pyruvate carboxylase (PC) [135]. PC is abundant in mice and slightly lower
in rats and human islet protein lysates [136, 137], though inhibition of PC activity is able to
significantly reduce glucose responsiveness in the islet [138]. Anaplerotic cycling of the islet
doesn’t just facilitate insulin secretion through ATP generation but also produces secondary
signals that are required for GSIS. Oxaloacetate in the mitochondria is also the substrate for
mitochondrial phosphoenolpyruvate (PEP) generation from the mitochondrial PEPCK-M enzyme
[139]. While cytoplasmic generation of PEP from pyruvate is also a disallowed process in the islet,
as it would reverse glycolytic flux and is mostly associated with gluconeogenesis in the liver [139],
mitochondrial PEP generation is a necessary step for GSIS, as it acts as a sensor for
mitochondrial GTP generation [140]. Other metabolite cycling pathways active in the islet include
citrate/isocitrate cycling and malate/pyruvate cycles [135]. Islet β cells have tremendously high
levels of these cycles and inhibition of these processes can be detrimental for mitochondrial
respiratory capacity and the ability of the islet to undergo maximal GSIS [135]. In fact, glucose
stimulated changes in metabolism of the islet more dramatically increase anaplerotic cycles than
“forward” TCA cycle reactions [135, 139, 141, 142]. These processes have not yet been examined
in SC-β cells in any report to date.
1.10 Other Signals in Insulin Secretion
In addition to direct control over insulin secretion, metabolic amplifying signals are able to
fine-tune release of insulin from the β cell. Amplifying pathways converge on cytoplasmic calcium
flux in the islet, increasing insulin exocytosis per cell and fortifying cellular insulin content [54, 96].
Metabolic flux in response to high glucose provides ATP as a substrate for adenylate cyclases at
the cell membrane, generating cyclic AMP (cAMP) which allosterically activates protein kinase A
(PKA) [143]. PKA lowers the ATP threshold of the KATP channels at the cell membrane by
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increasing ATP affinity and slows cytoplasmic calcium reuptake [93], increasing β cell insulin
secretion magnitude and duration. Increased generation of cAMP is also stimulated by the activity
of Glucagon-Like Peptide 1 (GLP-1) signaling through its receptor, GLP1R [144]. GLP-1 signaling
activates adenylate cyclase, increasing PKA activity and stimulating Insulin secretion. Long term
activity of this signal is also able to increase Insulin synthesis and storage through calciumstimulated PKC activity. These pathways are therapeutically targetable through the small
molecule incretin drugs which act through the GLP1R receptor, either extending the circulating
lifetime of GLP1 by inhibiting its degradation by DPP-4 [145], or by mimicking GLP1 and directly
stimulating GLP1R [146]. While these signals serve to increase insulin release, their effects are
still glucose-dependent. They increase both basal and stimulated insulin secretion in islets, still
requiring glucose stimulation for maximal secretion of the insulin hormone. Other ATPindependent signals that can amplify insulin release in the islet include secondary metabolites
from glucose metabolism such as reduced NAD(P)H and other intermediate metabolites including
malonyl-CoA and glutamate [147-149].
1.11 Β Cell Metabolism in Diabetic Dysfunction
Β cell glucose sensing underlies the ability to undergo GSIS and regulate glucose
homeostasis within the body. In both T1D and T2D, β cell mass decreases over time as cells are
either killed by autoimmune destruction or succumb to cell stress induced by compensating for
increased insulin demand [27]. Processes regulating islet dysfunction may contribute to both
forms of diabetes, as hypersecretion stress underlies β cell death in T2D and manipulating islet
stress in T1D can have striking impacts on timing on diabetes onset [150]. In addition, insulitis
observed in human T1D is much less acute and occurs at varying speeds throughout the pancreas
[51]. As islet mass decreases due to autoimmune destruction the remaining β cells may be under
similar hypersecretion stress observed in T2D, though our inability to track loss of islet mass in
T1D in humans makes this a difficult hypothesis to test [27]. Insulin secretion profiles in individuals
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with impaired fasting glucose levels in T2D show significant loss of acute insulin in the first phase
of secretion [151]. This can also be observed in vitro, as brief culture of islets in high glucose
overnight can raise basal secretion while diminishing glucose-induced rises in insulin release
[152]. Prolonged exposure to hyperglycemic conditions also leads to β cell exhaustion and
degranulation of the β cell [153], reflecting decreased insulin content. Simultaneously, gene
expression profiles of dysfunctional islets appear to revert to a more “immature” state. This
includes loss of developmentally activated genes including UCN3, MAFA, and dysregulation of
the metabolic sensor FoxO1, inducing nuclear translocation and suppression of islet-specific
genes [109, 114]. As gene expression changes during diabetes-induced dysfunction, metabolism
in the β cell also becomes dysfunctional. Β cells in partial pancreatectomy rats lose expression of
GLUT2, GCK, PC, and other enzymes involved in metabolic flux and cycling which may further
explain the loss of glucose responsiveness in diabetes [154]. In this same study, disallowed genes
including LDH and regulators of lipid metabolism are also up-regulated, suggesting a loss of β
cell-specific metabolism tightly controlling insulin release. Prolonged, overstimulated metabolism
also induces mitochondrial dysfunction [155].

Mitochondria from diabetic islets exhibit

hyperpolarization in some studies [156], which can induce uncoupling protein expression to
alleviate this prolonged polarization at the cost of decreased ATP output [155, 157, 158] . Other
work has also identified reduced capacity for increased respiration after glucose challenge [159],
as well as the overproduction of reactive oxygen species from hyperactivated mitochondria,
disrupting normal metabolism [156]. Dysfunction of islet GSIS is tightly linked with metabolism
and even protective mechanisms of prolong β cell survival can be detrimental to function.
1.12 Maturation of SC-β cells
Early analysis of the maturity of stem cell-derived β cells revealed that these cells are
similar to fetal, immature β cells compared to adult human cadaveric islets [86]. This is still true
with regard to newer differentiation protocols as the induction of developmental maturation23

associated genes still remains elusive . As islets mature after birth, GSIS profiles improve,
characterized by a sharper threshold for glucose stimulation of Insulin secretion and a higher
magnitude of insulin release after glucose challenge [107, 160]. In the mouse this perinatal time
period occurs in the first two weeks of development [107, 160-163], correlating with expression of
several β cell genes including the transcription factor MafA and a peptide co-secreted with insulin,
Ucn3 [107, 160]. The transcription factor MafA drives β cell-specific gene expression [164, 165],
and its activation slightly improves GSIS from SC-β cells and activates higher levels of insulin
expression [89, 164, 166]. Loss of MafA does slightly reduce functionality in rodent islets but does
not fully ablate GSIS [3, 161]. This could in part be due to expression of its paralog MafB, which
is redundant in binding sites and nearly identical in peptide sequence. Ucn3 is a secreted peptide
involved in paracrine regulation of insulin release, suppressing δ cell release of somatostatin,
itself a negative regulator in insulin secretion within the islet [167, 168]. SC-β cells express
significantly less of each gene compared to human islets [81, 89, 104, 105]. Following initial
reports of glucose responsive SC-β cell generation, multiple groups have also sought to increase
expression of these maturation-associated genes with some limited success [116, 166]. The goal
of these studies has been to create more functional SC-β cells. Other genes have also been
identified correlated with function of islets including ESRRg, SIX2, and SIX3 [116, 169]. Some
correlation has been shown with functionality of SC-β cell differentiation and expression of MAFA
and ESRRG, though in both cases glucose responsiveness was not profiled in depth, and in both
cases GSIS profiles were similar to other reported protocols without specific activation of either
transcript [89, 116].
1.13 Need for Functional SC-β Cells
SC-β cells are an unlimited source of islet-like tissue and may be able to replace or
supplement human islet tissue for transplantation in diabetic patients. The ability to build
transgenic reporters in SC-β cells may streamline drug discovery for replication and insulin
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secretion capacity, and the rates of replication of pluripotent stem cells far surpass human β cell
lines [170], making their expansion and use in high-throughput assays much more tractable.
However, for cell therapy, disease modeling, and drug discovery potential of SC-β cells to be
reached, these cells must be properly glucose-responsive, as insulin secretion and the limited
capacity for β cell replication are both glucose-dependent processes [54, 108]. Without the full
capacity to sense and response to glucose in vitro SC-β cell potential to replace and build upon
cadaveric and murine islet sources will be handicapped.
Our ability to derive patient-specific iPSCs will also complement the ability to generate SCβ cells for disease modeling of these complex diseases. Incomplete understanding of the genetics
underlying susceptibility to both T1D and T2D makes patient-specific SC-β cell lines the ideal
source of human islet tissues to study autoimmune rejection of the islet. We may soon be able to
generate complementary immune cells matched to the SC-β cells produced, creating completely
in vitro, high throughput models of autoimmune β cell rejection which has not yet been
accomplished and will provide a groundbreaking new tool to further study human β cell rejection
in vitro. While disease modeling of T2D may be more straightforward, appropriate glucose and
lipid metabolism, sensing and insulin secretion responses will be paramount to building an
accurate model to study SC-β cell dysfunction in response to glucose toxicity as well as screen
for compounds that can rescue SC-β cells in these stress conditions. As function correlates with
health of the islet [45], we may also find that more functional SC-β cells provide a better starting
point for T1D autoimmune modeling as these platforms are generated.
1.14 Summary
SC-β cells represent an opportunity to replace and supplement human islets for cell-based
therapies in diabetic patients and current human cadaveric and murine islet models of disease
and platforms for drug discovery. These cells are currently limited by their physiological response
to glucose and capacity to undergo GSIS in vitro and we do not yet understand how these cells
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perform after transplantation to regulate glycemic levels in diabetic patients. We must now apply
our knowledge of islet biology to SC-β cells to better understand their similarities and differences
with the human islet to further improve these cells in vitro and fully harness their potential in
diabetes treatment, disease modeling, and drug discovery.
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Chapter 2: Metabolomic Profiling of SC-β Cell
Glucose Sensing

Copyright Disclosure:
This chapter is adapted from the following manuscript for submission:
Jeffrey C. Davis, Tiago C. Alves, Aharon Helman, Jonathan C. Chen, Jennifer H. Kenty,
Rebecca L. Cardone, David R. Liu, Gordon C. Weir, Susan Bonner-Weir, Richard G. Kibbey,
and Douglas A. Melton. “Functionally Mature Glucose Response in Stem Cell-Derived β Cells is
Inhibited by a Bottleneck in Glycolysis”
2.1 Introduction
β cells in the pancreatic islets of Langerhans regulate blood sugar levels by secreting the
peptide hormone insulin, which then drives glucose uptake in peripheral tissues to preserve
normoglycemia [171]. Islets secrete insulin in response to rises in circulating glucose levels by
coupling insulin secretion to increased glucose metabolism [54]. Patients lacking sufficient insulin
due to the autoimmune destruction of the islet β cell in Type 1 Diabetes (T1D) [51], or due to β
cell dysfunction in Type 2 Diabetes (T2D) [5], are treated with administration of exogenous insulin;
a lifesaving therapy but one that incompletely recapitulates the functional glycemic control of the
islet [9]. Transplantation of human cadaveric islet tissue successfully restores glycemic control in
T1D patients, but at a cost of immune suppression to prevent allo-rejection [42, 43].
Transplantation is also limited by a scarcity of healthy islet tissue [172]. Both of these challenges
can be solved through the use of SC-β cells in place of cadaveric islets. To fully and safely replace
human islets for T1D cell-based therapies, SC-β cells must fully recapitulate the process of
glucose stimulated insulin secretion (GSIS) to maintain normoglycemia as well as bona fide islets.
Initial reports of differentiating insulin-producing cells from pluripotent stem cells resulted
in very little glucose responsiveness [83, 84]. As protocols were developed to produce more
functionally mature cells in vitro, SC-β cells were shown to undergo successful GSIS responses
in multiple publications, reproducibly exhibiting higher secretion of insulin after glucose exposure
in vitro [81, 88, 89]. Recently reported protocol modifications to improve SC-β cell function have
28

utilized small molecule screening [118], activated genes up-regulated during development of
mature functional islets [116], or improved culture conditions for differentiation [104, 105]. These
studies used slightly modified culture media formulations to improve SC-β cell function in vitro,
but none have achieved a GSIS response equivalent to that of cadaveric islets. In none of these
studies has the metabolomic landscape of SC-β cells been fully examined. Thus, we do not
understand the relationship between differential gene expression or media modifications and the
improvements in GSIS phenotype, nor have we resolved if any of these modifications robustly or
stably modify the outcome of SC-β cell glucose responsiveness after transplantation. To approach
this level of understanding a more thorough interrogation of the biochemical pathways that couple
Insulin secretion to glucose metabolism would be instructive.
In this report, we examine glucose responsiveness in SC-β cells and identify the
biochemical processes that may be lacking or deficient, preventing a fully islet-like response to
glucose challenge in vitro. We demonstrate that SC-β cells are capable of an insulin secretion
phenotype in vitro that is indistinguishable from fully functional human islets. We report on an
unexpected and novel bottleneck in glucose metabolism that limits glucose responsiveness in
SC-β cells. The glycolytic “housekeeping” enzyme, GAPDH, exhibits reduced activity in SC-β
cells, restricting their GSIS phenotype. Bypassing this bottleneck in glucose sensing fully rescues
insulin secretion during nutrient challenge. Correcting this error of metabolism will lead to the
generation of fully functional SC-β cells in vitro.
2.2 Glucose Stimulated insulin Secretion in Stem Cell-Derived β Cells and Healthy Human Islets
SC-β cells respond to glucose in vitro and secrete insulin corresponding to level of glucose
challenge [81, 88, 89]. These differentiated clusters contain 20-40% SC-β cells, which are defined
by expression of the transcription factor Nkx6.1 and the processed C-peptide fragment of insulin
[81], but also contain other endocrine populations including alpha and delta cells at lower
frequencies (Veres et al, accepted). We analyzed a large cohort (n = 74) of differentiations using
29

cells with multiple genetic backgrounds, and cadaveric human islets as controls, to establish a
more complete record of SC-β cell in vitro function. On average, cadaveric human islets display
a much larger magnitude of insulin secretion in response to glucose (Fig. 2-1A) when compared
to SC-β cells (Fig. 2-1B). While different SC-β cell batches exhibit variable glucose
responsiveness, compiling data across a wide range of differentiations results in a statistically
significant difference in glucose response. Presented as a stimulation index, or fold-change in
insulin secretion during glucose challenge, human islet response to glucose challenge is
approximately 12-fold higher than basal secretion, whereas SC-β clusters respond with an
average of 2.4-fold higher secretion. Notably, the response to membrane depolarization with KCl
is not different, indicating that SC-β cells have the capacity for a more complete response. Direct
depolarization using 30 mM KCl results in similar magnitudes of maximal insulin release (Fig. 21C, D) in human islets and SC-β cells of 20-30-fold over basal insulin release. While differing in
glucose response, SC-β cells and human islets retain similar overall insulin content (Fig. 2-1E).
Dynamic perfusion reveals similar bi-phasic insulin secretion patterns in both cell types, though
the magnitude of SC-β response is roughly 10% of that observed in human islets, similar to static
incubation (Fig. 2-1F,G). These findings replicate previous reports of a muted insulin secretion in
response to glucose challenge with a variety of protocols [57, 81, 88, 89, 104, 105].
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Figure 2-1. Insulin secretion profiles in SC-β cells. A) Glucose response profile of human
cadaveric islets and B) SC-β cells challenged with low glucose (2.8 mM) high glucose (16.7 mM)
or KCl (30 mM) in low glucose buffer for 60 minutes. C) Stimulation index of cadaveric islets and
D) SC-β cells after glucose or KCl challenge. Stimulation indices are indicated above each
column. E) Total insulin content profile of human cadaveric islets and SC-β cells. F) Dynamic
perifusion insulin secretion profile of human islets and G) SC-β cells. ( * p < 0.01, *** p < 0.0001
using a paired T-Test)
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2.3 insulin Secretion Capacity
Because the magnitudes of insulin release after KCl depolarization are similar in human
islets and SC-β cells (Fig. 2-1A,B), we asked whether the smaller SC-β GSIS response is due to
a deficiency in glucose metabolism to generate ATP-induced depolarization, or the inability of SCβ cells to appropriately undergo membrane depolarization following a glucose challenge. We
perifused SC-β clusters and cadaveric human islets with glucose followed by modifiers of KATP
channel activity and cAMP/PKA-mediated amplification of insulin release [143]. As expected,
human islets responded at similar magnitudes to high glucose and tolbutamide challenge with a
return to baseline secretion after diazoxide exposure as has been previously reported [98].
Further exposure to forskolin revealed a significant increase in insulin release in islets (Fig. 22A). SC-β cells exhibited a weaker response to glucose than human islets with a slight reduction
in insulin release after diazoxide exposure. However, tolbutamide challenge induced a similar
magnitude of insulin release to human islets. Further potentiation of insulin release after forskolin
exposure also resulted in a similar magnitude of insulin release of 0.1% of insulin content per
minute in both cell types (Fig. 2-2B). These results demonstrate that SC-β cell KATP channels
are functional and regulate (re)polarization in a time period and magnitude similar to human islets.
2.4 Live Cell Labeling of Zinc Content to Isolate SC-β Cells
Clusters of differentiated SC-β cells are heterogenous [81, 88, 89]. As a result, some
physiological measurements of SC-β cells other than insulin secretion require enrichment of the
SC-β cell population. We devised a method to isolate SC-β cells using zinc content-based sorting.
We use the live cell dye (TSQ) as its excitation/emission spectrum is in the UV/Violet range,
allowing for combinations of other more common spectra at longer wavelengths [173]. TSQHigh
cells are observable by flow cytometry and the size of this population closely resembles the total
size of the insulin+ population within a differentiation (Supplemental Fig. I-2A). Using this
approach, it is possible to enrich the endocrine SC-β population from differentiations in different
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pluripotent cell lines as well as human islets (Supplemental Fig. I-2 B). Live cell experiments in
this report use both the HUES8 hES and 1016 iPS-derived SC-β cells to allow applicable findings
from genetically distinct cell sources using the same differentiation protocol.
2.5 Glucose Uptake and Oxidative Phosphorylation
To investigate glucose metabolism in SC-β cells we first measured their capacity to
transport glucose across the cell membrane. Using the fluorescent glucose analog 2-NBDG, flow
cytometric analysis of glucose uptake appears similar in the TSQHigh population of SC-β cells to
that of human islets (Fig. 2-2C). We sorted and reaggregated SC-β cells to quantify glucose
metabolism using oxygen consumption rate (OCR) as a live-cell readout of ATP synthesis and
observe a glucose-dependent increase in OCR in both human islets and SC-β cells (Fig. 2-2 D,E).
In contrast, we observe a difference in maximal OCR capacity after decoupling of the inner
mitochondrial membrane using carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP).
While human islets maintain a spare respiratory capacity for OCR more than one hour after
exposure to FCCP, SC-β cells are unable to maintain fully uncoupled OCR and rapidly lose
electron transport chain activity after decoupling. These results suggest the capacity to generate
ATP from glucose may underlie differences in SC-β cell and human islet GSIS.
To determine whether SC-β cells have the proper mitochondrial complement for a
sustained increase in OCR we quantified mitochondria in SC-β cells and human islets with both
flow cytometry using the MitoTracker Green FM dye and real time RT-PCR analysis of
mitochondrial mass (Fig. 2-2F, Supplemental Fig. I-2C) [174]. In both assays, SC-β cells contain
equal or higher amounts of mitochondrial mass per cell compared to human islets. Thus, glucose
transport into the cell and mitochondrial mass of SC-β cells are similar to human islets, though
SC-β cells may have compromised capacity to maintain maximal respiration.
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2.6 ATP-Independent insulin Secretion Pathway
β cell potentiation of insulin also occurs through pathways other than KATP channelmediated depolarization. This is driven by products of glucose metabolism other than ATP itself
and is referred to as the ATP-independent pathway [175]. To assess this process in SC-β cells
we perifused SC-β cells or human islets with 100 µM tolbutamide to maintain SC-β cell
depolarization in the presence of 2.8 mM glucose. After 20 minutes glucose levels were increased
in the presence of constant tolbutamide. In human islets, a significant amount of insulin is released
after glucose addition to tolbutamide (Fig. 2-2G), as metabolism of glucose further potentiates
Insulin release independent of KATP channel activity. In contrast, SC-β cells did not increase
insulin secretion (Fig. 2-2H). This supports the hypothesis that glucose metabolism is deficient in
SC-β cells, as both KATP-dependent and –independent glucose induced insulin release are
diminished in SC-β cells. The metabolism of glucose itself is the process inhibiting full GSIS in
SC-β cells.
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Figure 2-2. Analysis of SC-β cell secretory machinery. A) Dynamic perifusion of human
cadaveric islets or B) SC-β cells with insulin secretion modifiers. C) Uptake of fluorescent glucose
analog 2-NBDG after 15-minute incubation in TSQ+ cells of human cadaveric islets and SC-β
cells. D) Oxygen consumption profile of human cadaveric islets and E) SC-β cells. F) Mitotracker
Green dye uptake in human cadaveric islets and SC-β cells. G) ATP-independent insulin secretion
in dynamic perifusion of human islets or H) SC-β cells.
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2.7 MIMOSA Metabolomic Analysis
After demonstrating SC-β cells may not be able to metabolize and sense glucose as well
as islets, we sought to characterize glucose metabolism in SC-β cells using an unbiased
approach. To quantify the metabolism of glucose underlying GSIS we utilized the recently
reported Mass Isotopomer Multi Ordinate Spectral Analysis (MIMOSA) technique pairing

13C

glucose tracing and mass spectrometry [176] to track flux through glycolysis and the TCA cycle.
Utilizing TSQ-enrichment of SC-β cells as described earlier, reaggregates of 5,000 cells were
cultured after sorting for 72 hours. Resulting enriched SC-β clusters contained majority SC-β cells
in addition to a smaller population of poly-hormonal cells. Clusters comprised of more than half
SC-β cells and of this size are similar to the composition of unsorted human islets which were
used as controls [6, 50]. Clusters enriched to this level also resemble other recent reports to purify
and reaggregate differentiated cells to improve GSIS phenotypes in vitro [105]. Cells were
incubated in 9 mM glucose and 4 mM glutamine for 3 hours in base DMEM medium to establish
steady state metabolism in a stimulatory concentration of glucose before exposure to the same
medium with 13C-labeled glucose for time points of 1, 2.5, 5, 15, and 180 minutes (Fig. 2-3A). We
chose these conditions because 9 mM glucose is sufficient to induce maximal glucose metabolism
and insulin release in mature islets while avoiding induction of glucose detoxification pathways
[177], and is the concentration previously established for metabolomic flux analysis in β cells
using MIMOSA [176]. 4 mM glutamine also facilitates glucose metabolism and TCA cycle activity
without directly stimulating insulin secretion independent of glucose [178]. Analyzing

13C

accumulation as a function of atomic percent enrichment (APE), we first quantified enrichment of
labeled glycolytic intermediates. Accumulation of 13C in dihydroxyacetone phosphate, glycerol-3phosphate, and phosphoenolpyruvate (PEP) derived from 2-Phosphoglycerate (PEP M+3)
occurred at similar rates over the first 15 minutes of exposure in cadaveric islets and SC-β cells
(Fig. 2-3B-D).
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2.8 Mitochondrial Metabolism
Major differences in

13C

enrichment between SC-β cells and human islets appeared in

mitochondrial metabolite pools involved in anaplerosis and cataplerosis. As the TCA cycle
produces NADH from pyruvate metabolism, intermediates in the cycle are also used in other
processes in the mitochondria and in the cytoplasm [135]. Anaplerosis is the process of “refilling”
metabolites of the TCA cycle to sustain mitochondrial metabolism, maintaining a balance between
their loss (cataplerosis) for non-metabolic processes and replenishment to sustain TCA cycle
activity.

13C

accumulation in malate from pyruvate-derived oxaloacetate (Malate M+3) and

subsequent PEP derived from oxaloacetate (PEP M+2) was much slower in SC-β cells than
human islets (Fig. 2-3E,F). Mitochondria-derived PEP drives GSIS in the islet, and loss of its
production is incompatible for successful GSIS [140, 141]. Further examination of PEP levels in
SC-β cells revealed that the total PEP metabolite pool derived from both glycolysis and
oxaloacetate was also much smaller in SC-β cells than human islets (Fig. 2-3G). Normalizing the
calculated PEPCK-M enzymatic activity to the PEP pool size reveals even lower flux PEPCK-M
activity when compared to human islets (Fig. 2-3H). Decreased PEPCK-M activity is not due to a
lack of its expression, as both PC and PEPCK-M are highly expressed in SC-β cells and human
islets (Fig. 2-3I). These reactions ensure sufficient TCA cycle intermediate concentrations to
maintain continuous activity within mitochondria. In rodents, PEPCK-M-derived PEP accounts for
as much as 40% of the pyruvate pool during high glucose challenge and loss of either PEPCK-M
or the GTP-specific isoform of Succinyl CoA-Synthetase (SCS-GTP) abrogates GSIS [140]. This
lack of PEPCK-M activity is incompatible with robust GSIS and likely the most significant cause
of decreased glucose responsiveness in SC-β cells, both by slowing the TCA cycle and disabling
GTP sensing.

37

2.9 Dilution of 13C signal in Citrate
13C

label accumulation in TCA cycle metabolites was similar between SC-β cells and

human islets in all pools except for citrate, which had a significantly lower APE in SC-β cells. This
lower enrichment indicates that a significant amount of citrate may be excluded from the
mitochondria of SC-β cells, as we do not observe dilution of label in the subsequent steps of the
TCA cycle (Fig. 2-3J). Mitochondrial PEP and malate are used for antiport with citrate in the cell
[140]. The observed decrease in PEP and Malate replenishment might account for the decreased
citrate labeling and movement observed in these experiments (Fig. 2-3K). Slowed or inhibited
citrate metabolism might also contribute to lower metabolic flux and dampened GSIS driven by a
lack of PEPCK-M activity.
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Figure 2-3. MIMOSA metabolomic profiling of SC-β cells. A) Outline of experimental protocol
for metabolomic profiling using MIMOSA. B) Atomic percent enrichment (APE) of

13C

in

dihydroxyacetone phosphate, C) glycerol-3-phosphate, and D) phosphoenol pyruvate. E) APE of
malate (Purple) and PEP M+2 (Green) in human islets and F) SC-β cells. G) glycerol-3-phosphate
and PEP pool size in Human islets (purple) and SC-β clusters (green). H) Adjusted PEPCK-M
activity to I) PEP metabolite pool size. Western blot for Pyruvate carboxylase and PEPCK-M
enzyme expression. J) APE of

13C

in citrate metabolite pool after 180-minute exposure. K)

Summary of results from MIMOSA metabolomic profiling.
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Figure 2-3 continued.
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2.10 TCA Cycle Metabolites as Secretagogues
PEPCK-M activity depends on flux of mitochondrial GTP derived from the enzymatic
reaction of Succinyl CoA Synthetase (SCS-GTP) [140]. Loss of this enzyme inhibits PEPCK-M
activity as GTP is no longer generated from the TCA cycle. Cell-permeable forms of metabolites
utilizing methyl ester groups to facilitate diffusion across the membrane have been valuable tool
compounds to study effects of specific metabolic intermediates on GSIS [179-181]. We activated
PEPCK-M and PEP cycling to drive the TCA cycle by exposing SC-β cells to mono-methyl
succinate [181] to ask if stimulating mitochondrial activity could activate PEPCK-M and induce
insulin secretion. Strikingly, in contrast to high glucose, methyl succinate exposure resulted in
ATP-dependent insulin secretion at the same level as KCl exposure in SC-β cells and human
islets (Fig. 2-4A, Supplementary Fig. I-4A). We also probed SC-β response to other TCA cycle
metabolites including methyl-pyruvate [180], ketoisocaproic acid [182], and β-hydroxybutyrate
(Fig. 2-4B and Supplementary Fig. I-4B,C) . In all cases we insulin release at a similar
magnitude to KCl positive controls in both SC-β cells and cadaveric islets. These results
demonstrate stimulation of the TCA cycle and PEPCK-M activity can successfully achieve isletlike levels of insulin release in SC-β cells. This also confirms that PEPCK-M itself is not inhibited
but rather lacking sufficient substrate to generate PEP within the mitochondria.
2.11 A bottleneck in Glycolysis Limits GSIS
Because we were able to induce robust insulin secretion with all mitochondrial substrates
tested we worked forward through early glycolysis, using the non-polar metabolites
glyceraldehyde and dihydroxyacetone: cell-permeable fuel sources that contribute to metabolism
at the steps of glyceraldehyde-3-phosphate and dihydroxyacetone phosphate, respectively (Fig.
2-4C, Supplementary Fig. I-4C) [179, 183]. These two intermediates are produced after the sixcarbon chain of fructose 1,6 bisphosphate is cleaved into two, 3-carbon chains by aldolase [184].
In both cases we observed no insulin secretion response in SC-β cells at the same magnitude of
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high glucose, but full insulin secretion response in cadaveric human islets at the level of KCl.
These results support earlier observations of glucose uptake in SC-β cells, as glucose is capable
of getting into the SC-β cell but does not fully stimulate insulin release, as bypassing glucose
uptake and early processing by GCK does not enhance insulin secretion.
Following these results, we exposed SC-β cells and human islets to glyceric acid, the nonphosphorylated form of 2- and 3-phosphoglycerate and the immediate downstream metabolite
from glyceraldehyde-3-phosphate metabolism. Strikingly, SC-β cells secreted insulin at the same
magnitude as KCl depolarization, identical to the response observed in cadaveric human islets
(Fig. 2-4D). To further validate this result, we also exposed SC-β cells to cell-permeable
methylated forms of 2- and 3- phosphoglycerate. These compounds were synthesized in-house
as described previously for methyl-2-phosphoglyceric acid [185]. Methyl-2 and methyl-3
phosphoglycerate both stimulated insulin release at a magnitude indistinguishable from KCl
challenge (Fig. 2-4E, Supplementary Fig. I-4D). These results demonstrate the ability of SC-β
cells to sense and respond to changes in metabolic flux and point to the metabolism of
glyceraldehyde-3-phosphate as the defect preventing full GSIS in SC-β cells (Fig. 2-4F).
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Figure 2-4. Some cell-permeable intermediates drive insulin secretion in SC-β cells.
Intermediate metabolite insulin secretion responses for cadaveric human islets and SC-β cells.
A) Mono-methyl succinate response profiles in human islets (left) and SC-β cells (right). B)
Response profiles of methyl-pyruvate, C) glyceraldehyde, and D) glyceric acid in cadaveric
human islets and SC-β cells. E) SC-β response to methyl-3-phosphoglyerate (m-3PG). F)
Schematic representation of metabolite effects on SC-β cell insulin secretion with successful
metabolic handing of metabolites in blue and inability to respond in SC-β cells in red.
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Figure 2-4 continued.
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2.12 Insulin Secretion Improves to a Full Response after 3-PG Exposure to SC-β Cells
Glyceric acid and metabolites downstream of the GAPDH/PGK1 axis stimulate insulin
release at the level of human islets. To ensure that SC-β cells secrete insulin in an appropriate
pattern after exposure to glyceric acid we performed dynamic perifusion of SC-β cells with 10 mM
glyceric acid and glyceraldehyde (Fig. 2-5A). Secretion occurred in a bi-phasic manner and
exhibited both a first and second phase of insulin release, an activity not previously obtained by
any other in vitro manipulation of SC-β cells [81, 88, 89, 104, 105]. The peak of first phase of
insulin release after glyceric acid challenge matched the magnitude of KCl challenge, in contrast
to glyceraldehyde exposure.
We next sought to demonstrate the mechanisms controlling insulin release after exposure
to intermediate metabolites. We first demonstrated insulin secretion induced by glyceric acid
challenged is induced by its metabolism. Inhibition of ATP Synthase and production of ATP/ADP
flux necessary for β cell depolarization using Oligomycin A was sufficient to ablate insulin
secretion after glyceric acid challenge in low glucose (Fig. 2-5B). We previously suggested the
lack of GSIS is partially caused by a lack of ATP-independent insulin release after glucose
challenge in SC-β cells (Fig. 2-2H). This same experiment using glyceric acid robustly induces
insulin secretion in the presence of tolbutamide, demonstrating metabolism of 3-PG produces
both ATP-dependent and ATP-independent signals that drive GSIS in vitro (Fig. 2-5C) [175]. We
then tested whether insulin secretion is facilitated through cytosolic calcium flux with exposure to
glyceric acid. TSQ-sorted and reaggregated SC-β cells were immobilized in matrigel and exposed
to the live cell cytosolic calcium indicator Fluo-4. Clusters were imaged for 5 minutes before and
after challenge with 16.7 mM glucose, 30 mM KCl, or 10 mM m-3PG. (Fig. 2-5D-F). As expected,
SC-β cells demonstrated a smaller calcium flux in glucose compared to that of KCl challenge. In
contrast, we observed a significant calcium flux after exposing SC-β cells to m-3PG. Calcium
fluxes propagated as waves across SC-β clusters after m-3PG, suggesting SC-β clusters formed
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interconnected organoids after enrichment and re-aggregation, which may underlie improvements
in GSIS after reaggregation reported recently (Supplemental Movie files 2-5A-C).
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Figure 2-5. Metabolic stimulation of glycolysis drives physiological insulin secretion in SCβ cells. A) Dynamic perifusion of SC-β cells with 10 mM glyceric acid (green) or 10 mM
glyceraldehyde (purple). B) Insulin secretion is stimulated by glyceric acid and its effect is ablated
by inhibition of ATP Synthase using Oligomycin A. C) ATP-independent insulin secretion is also
stimulated in SC-β cells after bypassing GAPDH activity. D) Calcium flux in TSQ-enriched SC-β
cells after high glucose, E) low glucose with 30 mM KCl, or F) 10 mM 3-PG. G) Images from Fluo4 signal during fasting (top row) and 20 seconds after exposure with the indicated KRB solution
(bottom row).
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Figure 2-5 continued.
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2.13 GAPDH Activity is Reduced in SC-β Cells
These results show that bypassing the GAPDH/PGK1 enzymatic complex results in full
insulin secretion, to the same magnitude as the positive control KCl and observed in healthy
human islets. Both GAPDH and PGK1 proteins are expressed at identical levels between SC-β
cells and human islets, suggesting the inhibition of this enzymatic complex is not due to a lack of
enzyme expression (Fig. 2-6A). GAPDH is known to act in a tetramer composed of two dimers
which loosely associate with PGK1 [186, 187], converting glyceraldehyde-3-phosphate to 3phosphoglycerate through its short-lived, unstable 1,3 bisphosphoglycerate intermediate. Human
islets, undifferentiated pluripotent stem cells (hES), and SC-β cells were briefly exposed to the
cell-permeable protein cross-linking agent disuccinimidyl suberate (DSS) and lysates were
analyzed by western blot. Islets and hES cell lysates contained active GAPDH multimers which
were present at much lower levels in differentiated SC-β cells (Fig. 2-6B). Lysates from the same
cell types were collected and tested for GAPDH enzymatic activity. In agreement with the loss of
GAPDH active dimer/tetramer conformation, GAPDH enzymatic activity was less than half of that
of hES and cadaveric human islets (Fig. 2-6C).
Cells were collected at various timepoints during the six-step differentiation protocol to
determine when the active form of GAPDH is lost. The results suggest that the active GAPDH
tetramer is in decline early in the differentiation protocol, after induction of definitive endoderm
(stage 2) and is further diminished in the following stages (Fig. 2-6D). GAPDH inhibition has also
been reported to occur simultaneously with its translocation to the nucleus in some contexts of
cell stress and glucotoxicity in the retina. We analyzed GAPDH localization throughout
differentiation to determine if loss of GAPDH functional dimerization is accompanied by changes
in its cellular compartmentalization. Strikingly, GAPDH localization became nuclear in a significant
fraction of SC-β cells after induction of insulin expression (Fig. 2-6E,F, Supplementary Fig. I6A). However, this timing does not appear to correspond with the loss of functional GAPDH
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dimerization, though it does suggest GAPDH may be actively modified or regulated during the
process of pancreatic differentiation in vitro. We and others have determined that omitting serum
from culture medium when differentiating SC-β cells improves GSIS profiles [104]. We determined
that improved GSIS profiles with removal of serum from culture medium does affect GAPDH
dimerization in vitro at a detectable level (Supplementary Fig. I-6B,C).
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Figure 2-6. Activity of GAPDH is perturbed in SC-β cells. A) Western blot of lysates from
differentiated SC-β cells and human islets for GAPDH and PGK1. B) Lysates from DSScrosslinking in primary islets, hES cells and differentiated SC-β cells. C) GAPDH enzyme activity
in human islets, hES cells, and differentiated SC-β cells. D) Western blot of lysates from DSScrosslinked samples at each step of SC-β cell differentiation. E) Immunofluorescence images of
GAPDH localization before and after endocrine induction in SC-β cells. F) Higher magnification
of SC-β cell cluster GAPDH localization. ( ** indicates p < 0.005 using a paired T-test.)
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2.14 GAPDH Localization in Primary Islets
Correlation with changes in subcellular localization of GAPDH during stem cell
differentiation in vitro led us to ask whether changes in the active forms of GAPDH are also found
in vivo. Surprisingly, we observed mixed localization between the nucleus and cytoplasmic
compartments in normal mouse, rat, and human islets (Fig. 2-7A). GAPDH localization to the
nucleus has also been reported to occur in the retina of diabetic mice [188-196]. we analyzed
pancreatic islets from diabetic rats 4 weeks after partial pancreatectomy or sham surgeries. We
did not observe an increase in nuclear GAPDH in insulin-expressing cells after onset of
hyperglycemia (Fig. 2-7B). The nuclear translocation and enzymatic inhibition of GAPDH has
been reported to occur through post-translational modifications near the GAPDH active site
including Lysine Acetylation and S-nitrosylation of cysteine [188, 190, 197, 198]. We performed
mass spectrometry on GAPDH immunoprecipitated from islets of healthy donors and SC-β cells
(Supplementary Fig. I-7A-C). These modifications were detected at low abundance in SC-β cells
and human islets alike, suggesting that enzymatic inhibition of GAPDH in SC-β cells and its
nuclear translocation is not mediated by mechanisms described in the retina or apoptosis in
stressed cell lines through Lysine acetylation or cysteine S-nitrosylation. The timing of nuclear
translocation in SC-β differentiations occurs much later than the observed loss of tetrameric
GAPDH. However, due to the surprising nature of this localization pattern we asked whether
GAPDH is localized to the nucleus at the time of endocrine induction in the mouse pancreas, as
we observe GAPDH at the onset of endocrine differentiation. We were able to find insulinexpressing cells with both nuclear and cytoplasmic GAPDH at this time point (Fig. 7-C).
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Figure 2-7. Localization of GAPDH in Primary Islets. A) GAPDH localization in healthy rat
pancreata after sham surgery. B) Quantification of nuclear GAPDH in sham and partial
pancreatectomy (PPX) rats 4 weeks after surgery plotted against resting blood glucose levels.
C) Immunofluorescence for GAPDH in pancreata of mice at embryonic day 15.
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2.15 Discussion
Insulin secretory capacity is an essential characteristic of the islet and has rightfully been
profiled in nearly all reports of insulin-producing cells differentiated from stem cells. While this
process has been characterized during in vivo development and in adult human islets, reports of
SC-β cell glucose sensing and regulation of insulin secretion do not achieve the magnitude or
quantitative levels found in their in vivo islet counterparts. We demonstrate here that the insulin
secretion capacity of SC-β cells is very similar to healthy human islets. SC-β cells have the ability
to regulate de- and re-polarization, releasing more than 10% of their insulin content over 60
minutes after direct depolarization with KCl or by manipulating KATP channel activity. This
indicates that the muted ability of SC-β cells to secrete insulin in response to glucose is a
metabolic failure, not a defect in the cell’s secretory machinery. Furthermore, maximal insulin
release after challenge with metabolic intermediates in both human islets and SC-β cells occurs
at a similar magnitude to KCl.
Recent publications toward physiological glucose sensing in SC-β cells have sought to
understand how changes in culture and differentiation conditions affect the GSIS phenotype in
vitro. These experiments hint at improved glucose metabolism and have even pointed to
mitochondrial activity as a component of improved in vitro function [105], but to date a direct
mechanism for improved function has remained elusive. Our approach to measure and compare
glucose metabolic flux in SC-β cells to human islets revealed a lack of PEPCK-M activity in
differentiated cells. Slow TCA cycle flux slows this reaction which can be rescued by using cellpermeable metabolites. This slowed PEPCK-M activity prevents a necessary mitochondrial GTP
sensing mechanism from coupling increased glucose metabolism to PEP cycling; a process which
has only recently been described as an obligate component of β cell glucose responsiveness
[139-141]. Increased cytosolic ATP/ADP ratios derived from oxidative phosphorylation are the
dogmatic signal derived from mitochondrial activity in high glucose conditions that drive
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depolarization and insulin release, and this flux is unquestionably important as loss of
mitochondrial activity abrogates GSIS in the islet. This work reminds us that other signals derived
from the mitochondria also play fundamental roles in the GSIS mechanism and also require our
attention as we study and fine-tune glucose response in SC-β cells toward the most functionally
mature, differentiated cells attainable outside of the body.
GAPDH regulation of glucose metabolism is not a well-studied topic. Other glycolytic
enzymes including Fructose 1,6-bisphosphatase and hexokinase are more commonly regarded
as regulators of cytoplasmic metabolism [199]. The islet β cell has unique metabolic properties,
down-regulating enzymes nearly ubiquitously expressed in other tissues and expressing other
glycolytic enzymes that play a more regulatory role than in other tissues [121, 122], such as
Glucokinase with an uncharacteristically high km and agnostic to rises in glucose-6-phosphate
[128, 200], as well as increased expression of G6PC2 which further regulates the first glycolytic
intermediate pool of the β cell [201]. It may well be that GAPDH also plays a more central role in
regulating β cell metabolism than other tissues. Glycolytic enzyme “moonlighting” has also
become more appreciated in the last decade, with multiple enzymes playing non-metabolic roles
in other cellular compartments [202-204]; GAPDH is also among this list with roles in cell biology
ranging from transcriptional regulation to endocytic cycling to apoptosis. The metabolically
coupled β cell may also be using GAPDH in yet unexplored mechanisms to regulate functional
activity and further link glucose metabolism with β cell physiology. GAPDH has already been
implicated in diabetic dysfunction of the retinal glia [189, 192]; it is possible different PTMs or
binding partners in the β cell are changing its function through mechanisms not yet observed in
the islet.
SC-β cell in vitro physiology is also important for use of SC-β cells in screening platforms
toward discovery of new insulinotropic factors and compounds to stimulate β cell proliferation.
Insulin secretion as well as replication are dependent upon and stimulated by glucose sensing
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[108]. To produce the most translatable results from these cells, improved glucose sensing will
recapitulate an important aspect of β cell physiology and life cycle. Our findings may suggest
metabolic intermediates can recapitulate some aspects of β cell physiology and could be used
with current protocols to stimulate glucose-induced proliferation, glucotoxicity, or insulin secretion
toward discovery of new anti-diabetes therapies.
Bypassing GAPDH activity using cell-permeable metabolites results in bi-phasic insulin
release including a second phase of secretion which has not been previously observed in stem
cell-derived β cells. In addition, both the magnitude and fold-change of insulin secretion in both
the first and second phases of release is equal to that of a KCl challenge. This is important, as it
demonstrates that metabolizable substrates for SC-β cells produce insulin release at the level of
healthy islets and that their capacity to sense metabolic flux is intact. SC-β cell GSIS is limited by
a bottleneck in metabolism of glucose itself that is not yet fully functional in SC-β cells. Protocols
to achieve physiological GSIS must solve this deficiency, determining what is inhibiting the
GAPDH enzymatic complex in these cells and how this process can be manipulated toward more
glucose responsive SC-β cells in vitro.
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Chapter 3: in vivo Maturation of SC-β Cells
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Menon, Mårten Hammar, Björn Tyrberg, and Douglas A. Melton. “Mechanisms Governing SC-β
Cell Maturation in vivo”

3.1 Introduction
The current standard of therapy for T1D patients is insulin replacement therapy, delivered
either via injection through syringe or a subdermal pump device. While the discovery and use of
insulin has transformed diabetes from a fatal wasting syndrome to a manageable chronic disease,
long-term morbidity due to incomplete glycemic control still results in patients suffering from
increased rates of diabetic nephropathy (25.9%), neuropathy (18.0%), and cardiovascular
disease (22.3%) among other complications [205]. A more complete and physiological control of
glycemic level has been achieved by transplanting human cadaveric islets in patients with “brittle
diabetes,” characterized by poor control of sugar levels with insulin injections and high risk of
hypoglycemic episodes with insulin therapy [42]. The transplantation of human cadaveric islets
into the hepatic portal vein using a glucocorticoid-free immunosuppressive regimen, termed the
“Edmonton Protocol”, has resulted in insulin independence in patients since its initial report in
2000 with minimal hypoglycemic episodes and excellent glycemic control [43]. The initial report
demonstrated efficacious islet function 12 months after transplantation and later follow-up studies
reported similar results. To date, little is known about the processes maintaining islet function
after transplant. Remodeling of the graft’s niche and interactive signals to and from the islet must
be necessary to maintain function in transplanted islets, as cadaveric islets are not stable during
long term culture in vitro [206]. Transplantation of islet tissue is also known to improve function
and health in dysfunctional tissues, as our laboratory has previously demonstrated that islets that
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have lost functionally mature status in vitro after prolonged culture can be rescued and mature
islet gene expression markers rescued after transplantation under the kidney capsule for several
weeks [114]. Transplantation of stem cell-derived β (SC-β) cells has also been demonstrated to
mature differentiated cell types [92, 107]. Initial reports of insulin-producing cells from stem cells
were achieved through transplantation of pancreatic progenitor cell types which underwent
differentiation into β-like cells in vivo after 16 weeks [83]. We have also demonstrated that
expression of mature islet gene expression, which has not yet been achieved through in vitro
differentiation alone, is induced after transplantation [107].
For stem cell-derived β cells to replace human islets as a cell therapy for diabetes, we
need to understand much more about the process of transplantation and engraftment that
regulate long-term survival, and which may affect functionality in a positive or negative way. We
have previously reported that SC-β cells continue to function after transplantation [81], and we
and others have observed that SC-β cell functionality is improved after transplantation [105],
though we do not understand what processes regulate this improved GSIS phenotype. It is
possible that these processes guide developmental maturation pathways which have not yet been
activated in vitro, as we have previously reported that SC-β cells are more similar to fetal than
adult human islets. Improvements in our differentiation protocol have yielded cells more similar to
human islets, but the lack of full GSIS response in vitro suggests that other processes may still
be missing from these protocols that are induced during maturation in vivo. The genes we and
others have identified as missing in SC-β cells are developmentally regulated and linked to
functional GSIS. These genes include expression of MAFA and UCN3, which are up-regulated
during perinatal islet development as GSIS responsiveness improves [107, 160], and are also upregulated when dysfunctional islets are transplanted under the kidney capsule of healthy mice
[114]. As diabetic islets become dysfunctional, they de-differentiate, losing expression of markers
of maturity in the adult islet that regulate islet function [109, 114, 207]. Understanding the
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processes driving SC-β cell maturation in vivo may contribute to protocols yielding more
reproducibly functional SC-β cells in vitro with a more robust response to glucose without the
need for transplantation. These studies may also shed light on signals that maintain islet healthy
lost in diabetes but restored after transplant into the kidney.
Transplantation of SC-β cells exposes them for the first time to a niche containing
endothelial, neuronal, and mesenchymal signaling. Endothelial cell signaling to islets is necessary
for normal islet development and a high degree of vascularization is a hallmark of pancreatic islets
[60, 208-210]. Islets are also regulated by the sympathetic nervous system, as insulin release is
suppressed by epinephrine and activated upon feeding by the parasympathetic nervous system
[8, 211, 212]. Mesenchyme is less well-understood in adult islet biology, though early pancreatic
mesenchyme is able to maintain proliferation of islet pancreatic progenitors in vitro [213], and
recent reports indicate mesenchymal interactions with the islet may regulate islet function [214216]. Our laboratory has demonstrated that allowing pancreatic progenitors to mature in vivo
induces expression of UCN3, a maturation-associated gene not currently induced during in vitro
differentiation [107]. This same marker is lost in diabetes but rescued after transplant in healthy
mice [114]. Transplantation into the kidney capsule niche facilitates signaling pathways that can
induce functionally mature gene expression after transplantation. This may also be true in
differentiated SC-β cells. Here we have profiled gene expression associated with in vivo
maturation of SC-β cells as GSIS profiles of transplanted cells improve over time, identifying
several potential markers of maturing SC-β cells, including Islet Amyloid Polypeptide (IAPP).
Using co-expression network analysis, we have also identified several signaling pathways
that are up-regulated after transplantation that correlate with islet function in publicly available
datasets. Manipulating these pathways had a modest effect on GSIS in vitro and identifies several
genes that may be drivers of the in vivo maturation process that warrant further study in SC-β
cells.
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3.2 In vivo Maturation of SC-β Cells
We sought to profile changes in transcription which accompany improved functionality of
SC-β cells after maturation in vivo. To accomplish this, we differentiated a constitutive eGFPexpressing induced pluripotent stem (iPS) cell line 1016 using the protocol developed by our
laboratory [81]. This line generated SC-β cells with an average efficiency of 15% Nkx6.1/Cpeptide co-positive cells (Fig. 3-1A, Supplemental Fig. II-1A). Glucose responsiveness in vitro
was profiled using dynamic perfusion and revealed a limited secretion response at differentiation
stage 6 and robust insulin secretion response after KCl challenge (Fig. 3-1B, Supplemental Fig.
II-1B), similar to previous reports from our and other laboratories [81, 89]. Differentiated SC-β
cells were transplanted under the kidney capsule of immune-compromised SCID-Beige mice for
a duration of 6 weeks to facilitate maturation of the grafts. Transplants were functionally monitored
by measuring human serum Insulin after overnight fast and 30 minutes after an intraperitoneal
injection of glucose. To score graft function, we quantified the stimulation index, or fold-change in
insulin secretion after glucose injection, 2, 4, and 6 weeks after surgery (Fig. 3-1C, Supplemental
Fig. II-1C). Stimulation indices rose on average over the course of transplantation, but significant
heterogeneity was observed between animals. In vitro functional analysis revealed that SC-β cells
were not fully induced to secrete insulin in response to glucose in contrast to KCl challenge.
Analysis of basal and stimulated insulin release revealed that functional maturation in vivo was
governed by increased Insulin release after challenge rather than reduced basal secretion at
fasting (Fig 3-1D,E).
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Fig 3-1. SC-β Cell Glucose Responsiveness before and after transplantation. A) Flow
cytometry of differentiated 1016 iPS AAVS1-eGFP expressing SC-β cells. B) Dynamic perfusion
of SC-β cells before transplantation showed a small increase in Insulin release after glucose
challenge. C) GSIS profile of transplanted SC-β cells over a 2 months period. Each point
represents a single animal. Connected dots are the same mouse over time. D) No change in
fasted insulin release was observed over time. E) Stimulated Insulin release increased during the
period of in vivo maturation.( * denotes p < 0.05 using a paired T-test.)
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3.3 Enrichment of SC-β Cells using Zinc Sorting
Constitutive expression of eGFP was used to sort differentiated human cells from the
tissue of the kidney graft. However, differentiations of SC-β cells are heterogeneous and contain
other cell types including undifferentiated progenitors and non-β cells [81, 89, 105]. To specifically
isolate SC-β cells before and after transplantation, the cells were incubated in live cell dye N-(6Methoxy-8-quinolyl)-p-toluenesulfonamide (TSQ) which binds to intracellular zinc, preferentially
labelling islet endocrine cells which use zinc to package insulin into its hexameric crystalline
structure [173, 217, 218]. Recovery of enriched SC-β tissue after transplantation has not yet been
reported, likely due to the difficulty of re-isolation caused by fibrosis and build-up of scar tissue
around the transplants. Using a combination of physical and chemical disruption we were able to
retrieve a limited number of cells (5,000-15,000) after isolation and sorting which were GFPpositive/TSQ-positive/PI-negative, i.e., live human, zinc-containing cells (Fig. 3-2A,B). These
cells were lysed for RNA collection and subsequent global assessment of gene expression by
RNA-sequencing. A sample of each graft was preserved for histological analysis. In order to
compare gene expression to functional human islet β cells, we also collected cadaveric islet tissue
from four non-diabetic human sources also using TSQ sorting as well as uptake of the fluorescent
glucose analog 2-NBDG to further enrich the β cell population from other endocrine subtypes
(Fig. 3-2C).
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Figure 3-2. Isolation of SC-β cells and human islets using 1016 eGFP expressing iPS line
in combination with TSQ live cell zinc enrichment. A) Isolation of GFP+ TSQHigh SC-β cells
before transplantation and B) after transplantation. C) Isolation of Human islet β cells using zinc
content (left) and 2-NBDG uptake (right).
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3.3 SC-β Cell Transplants Resolve Endocrine Identity and Increase Expression of Maturity
Markers
First, we investigated the expression of selected marker genes and proteins to confirm
that maturation of the transplants was successful. SC-β cells resemble immature islet β cells when
compared to human fetal and adult cell types [86]. We performed immunofluorescence staining
on SC-β cells and the isolated grafts after in vivo maturation. Expression of the maturation marker
UCN3, normally induced during perinatal islet development, was still limited in SC-β cells but
improved after 6 weeks of in vivo maturation (Fig 3-3A) [107, 168, 219]. Poly-hormonal cells also
resolved into either single hormone-positive α or β cells in this time window after transplantation
(Fig 3-3B).
Insulin gene expression remained similar after transplantation (Fig 3-3C). This was also
true of the other islet endocrine hormones Glucagon GCG, Pancreatic Polypeptide PP, and
Somatostatin SST, which is attributable to the mixture of polyhormonal non-SC-β cells present in
differentiations [81]. Interestingly, the β cell hormone Islet Amyloid Polypeptide (IAPP) and α/β
hormone Adenylate Cyclase Activating Polypeptide 1 (ADCYAP1) were some of the most strongly
induced genes after transplantation [220, 221]. We also examined genes associated with β cell
functional maturation in perinatal development. As expected, expression of MAFA and UCN3
were both up-regulated after transplantation (Fig 3-3D). We also observed increased expression
of SIX2, which has recently been correlated with maturation of developing β cells [169] in humans.
In summary, in vivo maturation of SC-β cells involved expression of insulin and additional β cell
hormones, while maturation of transplanted non-SC-β, poly-hormonal cells involved suppression
of insulin expression and resolving into other islet endocrine lineages.
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Fig 3-3. Maturation of SC-β cells after transplantation. A) Immunofluorescence staining before
and after transplantation revealed increased expression of maturation marker UCN3 in insulinexpressing cells after maturation. B) Polyhormonal cells resolved into insulin or glucagon
expressing cells after 6 weeks in vivo maturation. C) Hormone expression of GCG and INS
remained similar after transplant but expression of other β cell hormones IAPP and ADCYAP1
increased after maturation. D) Expression of developmentally-regulated β cell transcripts
including MAFA, UCN3 and SIX2 were up-regulated after transplantation.
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Figure 3-3 continued.
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3.4 Disallowed Gene Expression
Expression of maturation-associated genes is improved after transplantation of SC-β cells.
These genes play functional roles in glucose sensing and β cell function. In addition to upregulating tissue-specific gene expression, developing islets must also silence genes that would
disrupt physiology of the β cell, but which are nearly ubiquitously expressed in other tissues,
referred to as “disallowed” genes [121, 122]. This group of genes was first identified by searching
for genes that are uniquely silenced in β cells, with the assumption that specific down-regulation
of genes might have a functionally relevant effect in the islet to preserve control of glucose
homeostasis. We examined a list of 38 disallowed genes in the islet before and after
transplantation as well as in cadaveric human islets (Fig. 3-4A) [121]. Most disallowed genes
were expressed at low levels in SC-β clusters after TSQ sorting followed by RNA extraction,
though we did observe elevated expression of Carbonic Anhydrase 2 (CA2) and Monoglyceride
Lipase (MGLL). Both of these genes regulate lipid metabolism; inappropriate dependence upon
β oxidation and metabolism of lipids can decouple release of insulin from the β cell-specific
metabolism of glucose. We and others have observed that removal of fetal bovine serum from
culture conditions in the final stage of differentiation significantly improves GSIS profiles of SC-β
cells [88, 104]. Serum contains a rich mixture of lipids. Removing other fuel sources from SC-β
medium could improve their ability to metabolize solely glucose for GSIS. We analyzed cellular
lipid content using the live cell lipid dye, BODIPY-490/513 in TSQ-positive cells in human islets
and SC-β cells. Strikingly, SC-β cell BODIPY labeling was much stronger in medium containing
10% FBS compared to BSA-supplemented basal medium (Fig. 3-4B,C). SC-β cells cultured in
BSA-supplemented media more closely resembled the lipid content of healthy cadaveric human
islets cultured with serum supplementation. We also observed strikingly high levels of Lactate
Dehydrogenase (LDH) expression in SC-β cells as well as human islets in this analysis. LDH
activity uncouples glycolytic flux from TCA cycle stimulation, though our previous work did not
suggest that pyruvate metabolism was disrupted in SC-β cells [222], and significant lactate
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generation was not present. To be sure LDH activity does not affect SC-β cell glucose sensing
we analyzed GSIS in SC-β cells pre-incubated for 72 hours with the inhibitor of LDH, sodium
oxamate at three doses (Fig. 3-4D) [223]. We did not observe an improvement in insulin secretion
after oxamate exposure. Curious why LDH expression was observed in SC-β cultures, we
performed immunofluorescence on fixed SC-β clusters to assess whether LDH localized with Cpeptide-positive cells. LDH signal did not co-localize with C-peptide, with the strongest staining
occurring in non-SC-β cells (Fig. 3-4E). We expect that LDH signal in the RNA Seq experiment
may have originated in non-insulin expressing cells that represent approximately 20% of the TSQsorted cells in vitro. LDH expression in sorted islets may have been derived from islet α cells,
which do express LDH at a much higher level than the β cell population [224]. While disallowed
gene expression may indicate altered lipid metabolism in SC-β cells, this defect is avoided by
changing culture medium and may underlie recently reported improvements in SC-β cell function
achieved through changes in cell culture medium. It does not appear that changes in disallowed
gene expression underlie improvements in GSIS after maturation in vivo.
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Figure 3-4. Disallowed gene expression in SC-β cells. A) Analysis of RNA Seq before and
after transplantation and in human islets comparing disallowed gene expression. B) BODIPY live
cell assay in TSQ-positive SC-β cells in base medium containing 10% FBS and C) in base medium
with BSA supplemented for FBS. D) GSIS analysis after sodium oxamate exposure in SC-β cells.
E) Immunofluorescence staining for LDH enzyme expression in insulin-positive cells after
differentiation.
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Figure 3-4 continued.
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3.5 Co-expression network analysis
We aimed to further dissect mechanisms underlying the improvement in GSIS. We have
previously shown that SC-β clusters are a complex population consisting of β cells, α cells and
minor cell populations such as pancreatic progenitor cells and confirmed the β and α cell
populations persist after transplantation. Therefore, we decided to integrate our RNA-sequencing
data with published bulk islet and FACS-sorted β cell data sets to analyze biological materials of
comparable composition. We constructed a co-expression network from a large bulk islet RNAsequencing data set from 89 donors from a publicly available human islet expression analysis
previously published by the Groop lab [225] containing gene expression data from normal, prediabetic, and diabetic islets, using the MEGENA algorithm [226] to obtain an islet-specific gene
expression “pathway map.” We then overlaid gene expression signatures from the in vivo
maturation experiment and compared these results with previous studies of islet functionality
including analysis of human fetal islet development [86], islets exposed to experimental
hyperglycemia after transplantation [110], and a broad study of islet ability to successfully engraft
and rescue diabetes in animals after transplantation [227].
Co-expression networks built using MEGENA represent communities of genes which
demonstrate similar variation in transcript expression patterns observed between biological
replicates. Genes in a module may participate in a common biological process or pathway, share
upstream regulators, be expressed in a specific cell type, or encode structural components of a
subcellular organelle or protein complex. Co-expression modules may deviate from canonical
pathway definitions and capture tissue-specific aspects that are not reflected in pathway database
annotations that often represent an “average” over multiple model systems. One can think of the
resulting graph as a representation of correlations between genes rather than all correlations that
pass a certain false discovery rate threshold. The MEGENA algorithm was selected because it
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leads to well-defined modules and establishes relationships between the modules through
clustering.
3.6 Candidate modules for improvement in GSIS
The resulting network generated by the MEGENA algorithm included 17,829 genes
forming 538 significant modules that were hierarchically organized in ten branches. Modules c1_8
(Supplemental Fig. II-3A) and c1_21 (Supplemental Fig. II-4A) were highly enriched for genes
up-regulated during in vivo maturation and fetal islet development (Supplemental Fig. II-3B,C,
Supplemental Fig. S4B,C) [86], diabetic versus nondiabetic islets (Supplemental Fig. II-3D,
Supplemental Fig. II-4D) [228], and successful islet transplantation outcome (Supplemental
Fig. II-3E, Supplemental Fig. II-4E) [227]. Genes in modules c1_8 and c1_21 were enriched in
key processes of β cell function (Supplemental Table II-1), including processes that are unlikely
to be fully sustained outside of the in vivo environment including cell-to-cell communication and
innervation-dependent electrophysiological processes. Gene ontology cellular component
enrichment analysis indicated that both modules c1_8 and c1_21 were enriched in gene products
localized to the synapse, vesicles, and to a lesser extent the endoplasmic reticulum and cell
membrane.
We also examined composition of modules c1_8 and c1_21 to see if they included wellestablished genes implicated in β cell function. We identified six markers with strong preferential
expression in healthy adult β cells from single-cell transcriptomics studies of human islets (Table
3-1) [229, 230]. Four out of six mature β cell markers were member genes of c1_8 and c1_21.
CDKN1C and MAFA had comparable expression with FACS-sorted β cells already at stage 6,
while up-regulation of the other markers was consistent with maturation in vivo. Modules c1_8
and c1_21 also incorporated crucial diabetes and GSIS genes (Supplemental Table II-2).
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Table 3-1. Validation candidate modules for relevance to β cell biology.
Log2FC (FDR)
β cells vs

Post in vivo maturation vs

stage 6

stage 6

Gene

Module hierarchy

INS

c1_2,c1_16,c1_134,c1_384 1.7 (0.0045)

ADCYAP1 c1_8,c1_66

not DE

5.7 (0.0013)

6.2 (7.3e-05)

HOPX

c1_8,c1_67,c1_277

3.4 (0.0013)

3.9 (0.0020)

IAPP

c1_8,c1_66

9.6 (0.0009)

5.7 (0.0037)

CDKN1C

c1_2,c1_28,c1_182

not DE

not DE

MAFA

c1_2,c1_21,c1_155

not DE

2.7 (0.0475)
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3.7 Interaction with the in vivo environment
in vivo maturation induced expression of genes implicated in regulation of insulin
secretion, cAMP-mediated signaling, and calcium signaling, as determined by PANTHER
overrepresentation

test

[231].

in vivo maturation

up-regulated

hormones/gastrointestinal polypeptides, neurotransmitters,

receptors

of

incretin

and hormones such as growth

hormone (GHR), thyroid hormone (THRA) and somatostatin (SSTR3).
GABA receptor GABRB3 was an up-regulated hub gene in submodule c1_66 of module
c1_8. Hub genes are strongly correlated components of a submodule that are likely to drive
expression of other module genes or play a regulatory role within the module’s activity [226]. Also,
GABA-ergic synapse biology was 3.1-fold overrepresented among GO Cellular Component terms
in module c1_8 according to PANTHER overrepresentation analysis. Thus, we identified GABA
signaling as candidate inducer of functional maturation (Fig. 3-5A). Gene expression in
submodule c1_66 was anti-correlated with higher HbA1c in islets from deceased donors
(Supplemental Fig. II-5A) and a large fraction of genes in this hub exhibited differential
expression during human islet development (Supplemental Fig. II-5B). In addition to GABRB3
being a hub gene in submodule c1_66, other components of GABA signaling as well as synthesis
were also differentially expressed during the in vivo maturation process (Supplemental Fig. II5C). GABA is produced by the islet β cell and is stored in separate secretory vesicles from insulin,
released in a pattern dependent upon Ca2+ influx [232]. To test whether manipulation GABA and
growth-hormone-receptor signaling pathways could potentiate GSIS, SC-β cells were cultured for
72 hours with GABA followed by challenge in low (2.8 mM) or high (16.7 mM) glucose Kreb’s
Ringer Buffer solution with 30 mM KCl in low glucose as a positive control (Fig 3-5B). Treatment
of cells with GABA resulted in a positive but not statistically significant trend for STIM index with
GABA treatment when each batch was normalized to untreated controls (Fig. 3-5C). GABA’s
effect on islets has been previously reported to suppress basal Insulin release. As SC-β cells
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regulate basal secretion more appropriately than in high glucose conditions [233], it is possible
that GABA-reinforced suppression of basal insulin release has a more pronounced effect in vivo
after acquisition of a more glucose-responsive state.
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Fig 3-5. GABA as candidate inducer of maturation. A) GABRB3 was up-regulated in the in
vivo maturation experiment and was a hub in submodule c1_66 in c1_8; Submodule c1_66
contained key β cell genes (enlarged) and was enriched in differentially expressed genes upregulated in the in vivo maturation experiment. B) GSIS performed on SC-β cells after 72-hour
exposure to GABA. C) STIM indexes of all replicates after GABA pre-incubation.
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Figure 3-5 continued.
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In addition to GABA receptor signaling, receptor-type protein tyrosine phosphatases
PTPRN2 and PTPRA, down-stream targets of JAK/STAT signaling, were up-regulated in the in
vivo maturation experiment and were hub genes in submodules c1_409 of c1_21 and c1_291 of
c1_8, respectively (Fig 3-6A,B). Both of these submodules were also anti-correlated with diabetic
islet state and insulin content of islets (Supplemental Fig. II-6A,B). In addition, JAK/STAT
signaling as well as Growth Hormone signaling, an inducer of the JAK/STAT cascade, were both
up-regulated during in vivo maturation (Supplemental Fig. II-6C). To determine if recombinant
human Growth Hormone (hGH) could potentiate GSIS, SC-β clusters were cultured in hGH for
72 hours before GSIS challenge. Treatment with hGH did increase GSIS stimulation after 72
hours in 100 ng/mL by an average of 40% (Fig 3-6C), which was statistically significant when all
data was converted into STIM indices and analyzed together (Fig. 3-6D). In summary, in vitro
GSIS could not implicate GABA signaling as a component of in vivo maturation and functional
improvement of SC-β cell grafts. In contrast, activating hGH and signaling did have a statistically
significant effect on STIM index, suggesting that supplementation of the final stage of SC-β culture
with rhGH could have a modest effect on GSIS.
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Fig 3-6. JAK/STAT signaling as candidate inducer of maturation. A) PTPRN2 was a hub in
submodule c1_409 in c1_21. Submodule c1_409 was enriched in differentially expressed genes
up-regulated in the in vivo maturation experiment. B) PTPRA, another member of the protein
tyrosine phosphatase family and a known modulator of GSIS [234], was a hub in submodule
c1_291 in c1_8. C) GSIS performed on SC-β cells after 72-hour exposure to recombinant hGH.
D) STIM indexes of all replicates after hGH pre-incubation. ( * denotes p < 0.05 normalized using
mixed effect modeling.)
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Figure 3-6 continued.
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3.8 Endothelial Cell Interactions
Next, we investigated differentially expressed transcripts encoding secreted proteins.
These signals may provide insight as to what processes are induced to sustain and mature SC-β
cells after transplant. Up-regulated genes from the in vivo maturation experiment encoding
secreted products were enriched in gene ontology terms related to formation of blood vessels
(e.g., angiogenesis, endothelial cell migration) and new nerve endings (axon guidance, neuron
projection guidance, gliogenesis), but also processes that could elicit formation of a fibrotic
capsule around the grafts (complement activation, regulation of inflammatory response, and
extracellular matrix organization). Notably, VEGFA, VEGFB and VEGFC were among the upregulated secreted products and we found extended evidence for SC-β cell – endothelium crosstalk (Fig 3-7A, B). VEGFA-mediated vascularization is crucial for sustained glucose induced
insulin secretion in vivo [235], and islets lacking dense vasculature exhibit reduced GSIS
phenotypes [208]. While vascularization and oxygen delivery are obligate processes for graft
survival in vivo [236], signaling from blood vessels regulates pancreas specification during early
fetal development [60], and islet vasculature is dynamically regulated by and exerts control over
insulin secretion from the islets in high and low glucose [237]. Other reports have also suggested
that co-culture with endothelial cells may improve expression of islet genes including UCN3 and
insulin in other differentiation protocols [117], and thus may functionally improve SC-β cells. We
co-cultured SC-β cells for 72 hours with 3 different ratios of endothelial cells using human
umbilical vein endothelial cells (HUVECs) to simulate vascularization of the graft. After 72 hours
of co-culture, GSIS was analyzed in reaggregated SC-β clusters containing HUVECs.
Surprisingly, HUVECs co-culture resulted in a dose-dependent decrease in insulin secretion in
response to glucose (Fig. 3-7C), though no single treatment was statistically significant on its
own. Normalized to control SC-β clusters, GSIS with endothelial cell co-culture was reduced by
as much as 50% (Fig. 3-7D). This is surprising, as previous reports have suggested that
endothelial cell co-culture is a way to improve SC-β maturation, but our results suggest that
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functionality may be inhibited by endothelial cells without an islet-specific identity. It remains
possible that some positive effects are induced by endothelial cells, regardless of their tissue of
origin, but functional maturation does not appear to be a benefit that is universally achieved using
unspecified endothelial cells.
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Fig 3-7. SC-β cell–endothelium cross-talk. A) Differentially expressed genes the in vivo
maturation experiment that encoded pro- and anti-angiogenic secreted factors and B) receptors
of secreted or extracellular matrix factors originating from endothelial cells [238]. C) Co-culture
with HUVECs reduced glucose responsiveness in SC-β cells. D) STIM index reduced below
baseline level at higher EC:SC-β ratios.
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3.9 Future work for improvement of the SC-β cell differentiation protocol
Finally, we sought candidate transcriptional regulators for improvement of SC-β
differentiations. We specifically identified hub nodes: genes that are densely interconnected with
their neighbors and positioned between different components of the network. Modulating hubs
and genes located between multiple modules could trigger dramatic changes in phenotype,
possibly facilitating the shift from immature SC-β cells to adult β cell-like gene expression.
We examined hub nodes and genes with high interconnectivity between modules c1_8
and c1_21. We further required the genes to have unequal mRNA expression in stage 6 cells and
FACS-sorted adult β cells (“immature genes”) and to be differentially expressed in the in vivo
maturation experiment (to undergo “maturation”). We identified 28 genes satisfying these criteria
(Supplementary Table II-3). 8 candidates were supported by related phenotypes in published
animal and cell culture studies. DACH1 is a transcription factor with an established role in
endocrine cell development and perinatal increase of β cell mass [239] and is associated with risk
of developing type 2 diabetes in human [240]. Drosophila homolog of NUDT3 is involved in insulin
secretion and signaling [241]. MAPK10 is implicated in GLP-1 mediated antiapoptotic pathway in
β cells [242]. RCAN2 is a regulator of calcium signaling [243], while CNTN1 [244], NMNAT2 [245],
and PRUNE1 [246] play roles in neurogenesis and may also be functionally important for β cells.
Other genes in this table encode proteins without any known connection to β cell biology
and would be of interest to study, as they correlate both with SC-β maturation after transplantation
and are highly expressed in healthy human islets. As SC-β differentiation protocols are improved
and progress is made toward generation of functionally mature cells in vitro, these genes could
be used as markers to identify potentially important regulators of this process and give some clue
as to how protocol improvements are mechanistically affecting GSIS.
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3.10 Discussion
This study is a first step toward characterizing the processes regulating maturation of SCβ cells and their fate after transplantation. While the stem cell field has focused its attention on
the in vitro functionality of these cells, their ultimate potential as a curative therapy for T1D will be
limited by their ability to thrive and function after transplant. Functional studies in vitro are relatively
straightforward, but analysis of in vivo function is much more difficult. Grafts behave much more
variably after transplantation, and the time required to acquire a more functional GSIS profile also
appears to vary between experiments. Here we chose 6 weeks to balance time allowed for
maturation with practicality of study duration. In the timescale of curative transplantation this
represents only the very beginning of a transplanted SC-β cell’s lifespan in a patient.
Assays to compare function both in vitro and in vivo are not currently standardized. We
can detect relative improvements in function after transplantation, but the noise and detection limit
for GSIS in vivo make this phenomenon challenging to measure in detail. Function of human islets
appear similar to that of SC-β cells after transplantation. While we assume here that both are
indistinguishable in function because they behave as healthy human islets, difference in
transplantation site and host species could also cause both tissues to assume a GSIS phenotype
in between healthy islets and SC-β cells in vitro.
Analysis of the most differentially expressed genes before and after transplantation
identified both ADCYAP1 and IAPP secreted peptides as potential markers of in vivo-matured
SC-β cells. It is interesting that two β cell-specific peptide hormones are so highly up-regulated.
Induction of IAPP expression will be necessary for disease modeling in vitro, as its ability to
aggregate and contribute to β cell dysfunction through the production of insoluble amyloid fibrils
will be a desirable strength of human SC-β cells to recapitulate this human-specific aspect of T2D
stress, as rodent islets do not contain an amyloidogenic IAPP peptide sequence [247]. ADCYAP1
biology is not well-characterized, but its ability to stimulate cAMP signaling and potentiate Insulin
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release could undoubtedly improve in vitro GSIS profiles [248]. Indeed, cAMP signaling is a gene
ontology term enriched in SC-β cells after transplantation, and autocrine signaling through
ADCYAP1 may play a role in this pathway.
Our approach to use co-expression network analysis was able to identify pathways that
may play a role in maturing SC-β cells, though their manipulation using the addition of single
factors may limit our ability to untangle any synergistic or combinatorial effects that multiple
signals may have in concert. Growth hormone as a component of the in vivo niche that improves
GSIS is intriguing, as GH signaling has previously been suggested to inhibit islet function in vivo
[249]. However, this effect was observed when cells were producing very high levels of GH,
expressed at the level of insulin in the β cell. In addition, exposure to recombinant GH may have
different effects than production of the active peptide within the cell. Follow-up experiments to
demonstrate that the hGH effect is through the GHR will be necessary. GABA is also an
interesting pathway, as β cells are able to produce GABA and its secretion may play a role in
normal β cell homeostasis.
Hub genes identified in this study may be useful tools toward identifying other factors to
recapitulate the in vivo environment to mature SC-β cells. As opposed to transcriptomic studies,
this small list of less than 50 genes could be used for staining or qPCR-based screens to mature
cells in vitro. One caveat of this approach is that these genes have not yet been confirmed to be
mechanistically important for β cell physiology. We have utilized this study to search for
functionally important genes that regulate GSIS in vitro. However, we have also demonstrated
that maturation of SC-β cells in vivo induces a more complete repertoire of β cell hormone
expression and resolves mono-hormonal and poly-hormonal gene expression profiles of
differentiated cells. Genes and pathways investigated here may also be important in these
processes or others of which we do not yet know of. Examining hub genes may be an efficient
way to test these possibilities, as their interconnectedness to gene expression modules may
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increase the convergence of pathways regulating cell identity with only a few candidate
transcriptional regulators.
An equally important topic to focus on is the down-regulation of genes and processes that
may inhibit graft function or survival. In particular, modulators of inflammation and scar tissue
formation could be inhibiting survival of transplants. This would be interesting to investigate in
grafts that have better or worse functional outcome. However, in order to have higher confidence
in these experiments it would be valuable to establish a more detailed functional profile of
transplants as discussed above. One possible method would be to utilize hyperglycemic clamp
studies, though these are time consuming and technically challenging. Ultimately in vivo
maturation is still a difficult phenomenon to study and further work to improve our tools to
characterize the process may greatly improve our ability to understand the fate of transplanted
SC-β cells.
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Chapter 4: IAPP is a Marker of Mature SC-β Cells

4.1 Introduction
Limited SC-β cell functionality remains a hurdle to generating islet-like cells in vitro from
pluripotent stem cells. We have determined that metabolic regulation of glucose processing is
dysfunctional in the SC-β cell, and that this deficiency is partially rescued after transplantation.
Using a guilt-by-association bioinformatic approach we have identified a number of genes that
appear to correlate with islet functionality, health, and in vivo maturation of SC-β cells. Of this list,
Islet Amyloid Polypeptide (IAPP) is particularly interesting; this peptide hormone is co-secreted
with Insulin from the islet β cell [220, 250-256], and is expressed specifically in β cells of the adult
islet [250]. IAPP is up-regulated approximately 30-fold after transplantation of SC-β cells during
their functional maturation in vivo, suggesting that cells expressing this peptide have a more
mature peptide secretion profile. IAPP-expressing SC-β cells may also more stringently regulate
their basal insulin secretion, as IAPP negatively regulates Insulin release [250, 251, 255, 256].
This expression pattern after transplant is also observed with the β cell peptide hormone
Adenylate Cyclase Activating Polypeptide (ADCYAP1), a less-characterized α and β cell hormone
that activates Adenylate Cyclase activity, amplifying stimulated insulin secretion [221, 257, 258].
These results suggest that as SC-β cells mature in vivo they attain a more complete hormone
secretion repertoire. How this relates to functional maturation is not understood, as IAPP and
ADCYAP have not been described in a developmental or maturation context in the islet and
represent unexplored potential markers of maturing SC-β cells. To date, two studies have
identified IAPP as potentially important in SC-β cell biology. IAPP is known to be expressed at
low levels in previous iterations of SC-β cell differentiation protocols [86], and has been observed
to slowly increase in expression over time in differentiated SC-β cells using single cell-RNA
sequencing approaches (Veres et al, accepted), a discovery made in parallel while analysis of in
vivo maturation was performed in our laboratory.
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IAPP, also known as Amylin, is an 89 kD peptide hormone processed to 37 amino acids
and secreted by the islet [259, 260]. It belongs to the calcitonin peptide related family, which also
includes adrenomedullin, α/β calcitonin gene related peptide (CGRP), intermedin, and calcitonin
[250, 261]. IAPP secretion is thought to regulate satiety and gastric emptying, playing a
complementary role to insulin in peripheral tissues [250, 251, 253, 255, 262-265]. Islets secrete
insulin and IAPP at a 100:1 ratio; both peptides are packaged in the same vesicles and undergo
post-translational modification [250, 260]. IAPP is cleaved into separate domains through
prohormone convertases 2 (PC2) and 1/3 (PCSK1/3), similar to the processing of insulin and
resulting in a peptide hormone of similar size.
In peripheral tissues, the IAPP ligand binds to the calcitonin receptors. The affinity of these
receptors for IAPP is modified by receptor activity-modifying proteins (RAMPs) [250, 266-268]. It
is not well understood how these combinations direct IAPP responsiveness, and there are
currently no known agonists/antagonists of calcitonin receptor signaling that affect IAPP activity.
In the brain, IAPP synergizes with leptin signaling in the hypothalamus to induce satiety [250, 255,
262, 264, 269, 270]. Developmentally, IAPP expression appears to coincide with insulin
production in the fetal islet β cell population and may also be expressed in other hormoneexpressing cell types during initial endocrine induction of α cells [271], which are the first
endocrine cells produced by NGN3-positive endocrine progenitors [79]. This is in contrast with
our observations that SC-β cell IAPP expression appear to lag behind insulin and glucagon
expression, suggesting that SC-β cell differentiation in vitro may be missing some inductive cues
to induce full islet gene expression which is rescued after transplantation.
In addition to the possibility that IAPP may be a marker of more mature SC-β cells as
suggested by our earlier work, this peptide hormone is particularly interesting for its poorly
understood role in islet pathology in type 2 diabetes [250, 252, 272]. IAPP is the first described
amyloidogenic peptide, with its aggregates discovered in plaques assumed to be caused by
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insulin aggregation in the pancreata of diabetic patients [273-275]. IAPP aggregation occurs
through a similar mechanism observed in other amyloidogenic diseases including Alzheimer’s
and Parkinson’s disease [272]. Misfolded, toxic intracellular oligomers of IAPP are capable of
driving cell stress and apoptosis in the β cell and may significantly contribute to the pathology of
type 2 diabetes [250, 276, 277]. This process is poorly studied, as rodent IAPP does not form
amyloid fibrils due to lack of conservation of the amyloidogenic peptide sequence [247, 250, 278].
As IAPP may be an important component of T2D pathogenesis, appropriate expression of IAPP
in SC-β cells is desirable toward a platform to study the disease in vitro. Its potential as a marker
of maturing SC-β cells as observed in vivo may also prove a useful tool for protocol development
and toward screening to generate more mature SC-β cells in vitro. Here we have explored the
dynamics of IAPP expression in SC-β cells using gene targeting to generate a dual insulin and
IAPP fluorescent reporter model and identified key differences in the IAPP-expressing population
during differentiation of SC-β cells.
4.2 Generation of ANGIs Reporter Line in 1016 iPS Background
Maturation of SC-β cells in vivo is accompanied by changes in gene co-expression
networks corresponding to β cell function and regulation of calcium homeostasis and exocytosis.
One of the genes associated with these coexpression networks is the β cell-specific hormone Islet
Amyloid Polypeptide (IAPP) (Fig. 4-1 A). Another β cell hormone, Adenylate cyclase activating
polypeptide 1 (ADCYAP1) is also up-regulated, indicating that the β cell hormone repertoire is
expanded upon functional maturation in vivo. Until now, the SC-β field has characterized multihormone expressing populations based on the assumption that mixed hormone expression
profiles indicate incomplete differentiation or sub-populations with a preference toward one
lineage over time [81, 83-86, 91]. To complement this approach, we sought to determine if SC-β
cells expressing IAPP in addition to insulin represent a more mature sub-population of SC-β cells
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and whether IAPP-only expressing cells also exist in vitro. We took a gene targeting approach to
create a dual IAPP/INS reporter line in the 1016 iPS background.
Using a homology-based insertion sequence, an mCherry coding sequence was inserted
in-frame behind the preserved coding sequence for the INS gene, creating a single peptide coding
sequence separated by the self-cleaving P2A motif [279]. This targeting vector was termed Insulin
Red Nucleus, or IRN (Fig. 4-1B, Supplemental Fig. III-1A). After PCR validation of the knock-in
clone, cells were differentiated in a planar 2-D format, resulting in epifluorescence in the mCherry
channel without signfiicant backgorund in the empty eGFP channel (Fig. 4-1C). Sorting based on
mCherry fluorescence resulted in significantly higher Insulin mRNA, as validated by Real Time
RT-PCR (Fig. 4-1D).
After confirmation of successful targeting of the INS locus, a second homology-based
template was generated to insert a 3x NLS-flanked eGFP coding sequence behind the IAPP
coding sequence, also separated by a P2A self-cleaving signal. This second vector was termed
Amylin Nuclear Green, or ANG (Fig. 4-1E, Supplemental Fig III-1B). Efficiency of targeting was
strikingly high (100% of more than 10 tested clones) (Fig. 4-1F, Supplementary Fig. III-1C), as
confimred by PCR of genomic DNA from clones spanning the 5’ and 3’ ends of the transgene into
the gene locus outside of the homology vector. The resulting dual-reporter iPS line was named
Amylin Nuclear Green in IRN, abbreviated ANGIs [ang-guh s].
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Figure 4-1. Transgene targeting in 1016 iPS cells. A) RNA Seq expression analysis of islet
endocrine hormone expression after transplantation reveals maturation-associated changes in β
cell-specific gene expression. B) Targeting vector construct design for Insulin Red Nuclear (IRN)
knock-in. C) SC-β differentiation of 1016 IRN reporter line results in mCherry signal from clusters
without fluorescence in eGFP (empty) channel. D) Real Time RT-PCR on cDNA from unsorted
and mCherry positive and negative cells after sorting reveals significant differences in INS
transcript. E) Targeting vector construct for Amylin Nuclear Green (ANG) knock-in reporter. F)
PCR validation of 5’ and 3’ transgene knock-in for double IRN and ANG targeting resulting in ANG
in Amylin Nuclear Green in IRN background (ANGIs).
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Figure 4-1 continued.
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4.3 ANGIs Differentiation Dynamics
In order to prevent possible artifacts due to results from a single clone when characterizing
IAPP expression, experiments were performed in two separate clonal lines, referred to as clone
1 and clone 2. Differentiation the ANGIs lines in 3D suspension resulted in the expected
Insulin::mCherry signal at the end of endocrine induction in stage 6 day 1, but very little eGFP
fluorescence was observed. eGFP signal accumulated over 50 days of differentiation in stage 6
media without additional factors (Fig. 4-2A). Measurement of the mCherry-positive subpopulation revealed an increasing fraction of eGFP signal within the insulin-producing cells of the
differentiation, plateauing at approximately 30% of mCherry cells after 50 days (Fig. 4-2B). We
have previously observed that extended culture of SC-β cells over time results in a decrease in
population size of NKX6.1/C-PEP co-positive cells. It is in this range of declining population size
that we observed an increase in eGFP signal. After 50 days of differentiation SC-β cells were
sorted into mCherry only and mCherry, eGFP co-positive populations and RNA was collected.
Real Time RT-PCR on cDNA from these populations revealed faithful reporter activity of the IAPP
locus, as eGFP-expressing cells contained more than 100-fold higher IAPP transcript than eGFP
negative cells in both clones tested (Fig. 4-2C). Analysis of fixed sections from the ANGIs
differentiations revealed differential localization of eGFP and mCherry signals and confirmed the
ratios of mCherry and eGFP-expressing cells observed via flow cytometry, with most eGFP signal
present in cells co-positive for mCherry (Fig. 4-2D). While both the mCherry and eGFP
transgenes contained flanking nuclear localization signals, we did not observe mCherry in the
nuclear compartments, but rather appearing within insulin secretory vesicles in differentiated cells.
Using structured illumination super-resolution microscopy, mCherry signal appears localized to
vesicles located outside of the nucleus while eGFP is properly localized (Fig. 4-2E). It is possible
that the P2A self-cleaving peptide is not functioning properly when fused to insulin, resulting in a
fusion protein packaged as Insulin, as we know Insulin is properly packaged in SC-β cells using
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electron microscopy [81] and staining for both INS and CGA proteins in fixed ANGIs cells at stage
6 reveal nearly identical localization patterns (Supplemental Fig. III-2).
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Figure 4-2. ANGIs transgene expression profile after SC-β induction. A) Differentiation of
1016 ANGIs line results in significant mCherry signal after endocrine induction with increased
eGFP signal with continued culture in stage 6 media. B) eGFP expression in the mCherry-positive
sub-population increases with time in stage 6 of the SC-β protocol in ANGIs dual reporter cells.
C) Real Time RT-PCR of cDNA generated from mCherry-positive, eGFP-negative/positive ANGIs
SC-β cells in both clone 1 and clone 2 used for these studies. D) Epifluorescence in cryosections
of differentiated ANGIs 1016 cells at stage 6 day 19. E) Structured Illumination Microscopy (SIM)
superresolution image of an mCherry/eGFP co-positive SC-β cell
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Figure 4-2 continued.
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4.4 Enrichment of ANGIs Sub-populations
Sorting ANGIs SC-β cells between eGFP positive and negative subpopulations of the
mCherry positive cells followed by reaggregation resulted in pure clusters with epifluorescence
profiles as expected (Fig. 4-3A). It has recently been reported that reaggregation of purified
insulin-expressing cells results in a more mature GSIS profile than heterogenous clusters as a
result of mitochondrial maturation of an unknown mechanism [105]. To determine if SC-β cells
expressing IAPP have a different insulin secretion profile from those that do not, as well as to
attempt to recapitulate this finding, we exposed both sets of mCherry-positive reaggregates to a
single static GSIS assay. When normalized to total insulin content, both populations of SC-β cells
exhibited similar insulin secretion proifiles as described for unsorted cells, with some glucose
stimulation, but to a much lower degree than observed with KCl challenge or of the response
observed in healthy cadaveric human islets (Fig. 4-3B). It was notable that IAPP-expressing cells
exhibit a lower basal insulin secreiton profile and a higher degree of insulin released after KCl
compared to non-expressing cells, possibly as a result of more complete regulation of cytosolic
calcium levels as suggested by our work with in vivo maturation, or due to autocrine signaling
through the IAPP/calcitonin receptor axis [256]. When comparing raw insulin secretion values,
however, it was apparent that SC-β cells expressing IAPP are capable of secreting insulin at an
order of matnigude higher level than in non-IAPP expressing cells (Fig. 4-3C). As proportional
insulin release is similar between populations, IAPP-expressing cells also contain appriximatley
10-times higher levels of Insulin per cell compared to that of mCherry-only population (Fig. 4-3D).
While we do observe higher levels of insulin secretion regulatory genes after transplantation,
insulin expression itself does not appear to change. To determine if insulin expression is higher
in the IAPP-positive population we compared INS mRNA levels from sorted cells (Fig. 4-3E).
Strikingly, expression of the INS gene is also ten times higher in IAPP-expressing SC-β cells in
both clones. Thus, in addition to more complete control of basal Insulin secretion levels, IAPP-
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expressing SC-β cells also contain and produce approximately an order of magnitude more insulin
than non-IAPP expressing cells.
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Figure 4-3. Insulin secretion capacity in IAPP-expressing SC-β Cells. A) Both clones 1
(shown here) and 2 of the ANGIs reporter line were sorted and reaggregated in 5,000 cell clusters
after sorting. B) Sorted reaggregates were assayed for glucose responsiveness after
reaggregation. C) Raw insulin secretion data from static GSIS analysis reveals significantly higher
levels of insulin secreted by IAPP-expressing SC-β cells. D) Total cellular insulin content in IAPP
expressing cells from clones 1 and 2 both reveal an order of magnitude higher insulin content in
IAPP-expressing SC-β cells. E) Real Time RT-PCR of cDNA from sorted ANGIs clones reveals
more than 10-times higher expression of INS mRNA in IAPP-expressing SC-β cells than IAPPnegative cells.
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4.5 In vivo maturation of ANGIs SC-β Cells
Our initial observation that IAPP expression is associated with maturation was in the
context of transplantation (Fig. 4-1A). Continued culture of IAPP expressing SC-β cells in vitro
reached a plateau of less than half of the mCherry-positive population. To determine if this was
also the case in vivo, both ANGIs clones were differentiated and transplanted under the kidney
capsule of SCID-Beige mice for 10 weeks (Fig. 4-4A,Supplemental Fig. III-4). Grafts continued
to demonstrate improved GSIS over time with a high degree of variability as we observed
previously in Chapter 3. Serum insulin levels continued to rise as expected from week 1 (Fig. 44B, Supplemental Fig. III-4) to week 9 (Fig. 4-4C, Supplemental Fig. III-4). After in vivo
maturation, mice were sacrificed and transplants were dissociated and ANGIs SC-β cells were
analyzed by FACS. Strikingly, while cells at the time of trasnplantation contained less than 10%
eGFP expression within the mCherry population, 10 weeks in vivo resulted in nearly 100%
expression of eGFP within the Insulin::mCherry positive sub-population, indicating that in vivo
maturation produces a fully mature IAPP expression profile in SC-β cells within 10 weeks, as
opposed to the partially mature IAPP expresion profile in vitro after prolonged culture (Fig. 4-4D).
Analysis of all differentiations from both clones before and after transplantation revealed
remarkably similar results (Fig. 4-4E).
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Figure 4-4. in vivo maturation of SC-β cells results higher IAPP expression posttransplantation. A) STIM index of a cohort of SC-β transplanted SCID-Beige mice with SC-β
cells derived from Clone 1 of the ANGIs dual reporter line. B) Serum levels of human insulin
before and after intra-peritoneal glucose injection one-week C) and nine weeks after
transplantation. D) Flow cytometry on dissociated cells before transplantation (top row) or
dissociated grafts after transplantation (bottom row). E) Comparison of data from both ANGIs
clones 1 and 2 during differentiation in vitro and after in vivo maturation reveals near complete
maturation of IAPP expression after 9 weeks of transplantation.
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4.6 Gene Expression in ANGIs Subpopulations
RNA Seq analysis was performed on sorted ANGIs subpopulations from both clones at
the same time as reaggregation for functional testing. Remarkably few genes (84) were
differentially expressed (P < 0.001 and fold-change > 2) between the mCherry positive cells that
were eGFP positive/negative after two weeks in stage 6. Of the differentially expressed genes,
we observed IAPP as expected. We also observed PCSK1 up-regulation, indicating that insulin
processing may also be more efficient in the IAPP-expressing subpopulation to facilitate higher
insulin expression. We also observed increased HOPX, a transcription factor present in our in
vivo maturation dataset and identified as a differentially expressed gene missing in vitro and upregulated during human fetal pancreatic development (Fig. 4-5A) [86]. Genes down-regulated
transcripts included GHRL, GCG, and DPP4, a transcript expressed from the opposite strand of
the GCG locus (Fig. 4-5B) in α cells, which functions to degrade the incretin hormone GLP-1 and
is the target of some anti-diabetes drugs [280]. Analysis of islet endocrine hormones revealed
higher expression of both IAPP and INS in the eGFP+ subpopulation, as well as decreased
expression of all other islet hormones except for ADCYAP1, which was not expressed at a higher
level in IAPP-positive cells, suggesting that its up-regulation is specific to the in vivo maturation
process (Fig 4-5B) and not a characteristic of IAPP+ cells in vitro. Analysis of other differentially
expressed transcripts potentially related to islet function (P < 0.05) identified other genes including
the lncRNA PLUTO, expressed from the PDX1 locus in the opposite direction from the PDX1
promoter region. PLUTO is implicated in facilitating PDX1 transcription factor activity and is lost
in diabetic islets [281]. We also identified downregulation of the vesicular glutamate transporter
SLC17A6 (Fig. 4-5C) [282]. Both of these genes may be facilitating increased insulin transcription
and packaging in the SC-β cell. We also observed decreased expression of CCND2, whose
expression is low in non-replicating β cells, as well as a member of the disallowed
monocarboxylate transporter protein family SLC16A7, which is characteristic of α cells but not
functional β cells [121]. Lastly, we examined expression of transcription factors responsible for
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guiding islet endocrine lineages during development (Fig. 4-5D). Interestingly, we did not observe
significantly different expression of β cell lineage genes including NKX6.1 or PDX1 which would
differentiate between α and β cell subpopulations. We did, however, observe much less
expression of the α cell-specific transcription factor ARX in IAPP-expressing cells, which supports
observed decreases in GCG and DPP4 expression [76]. Together, these results suggest that the
IAPP-expressing subpopulation of SC-β cells may be more β cell-like in nature. This is supported
by decreased expression of other islet endocrine lineage markers and lower expression of
transcription factors that drive other lineages during pancreatic development. In addition, these
cells also express higher insulin as well as the insulin processing enzyme PCSK1, suggesting a
higher capacity for generating and storing insulin.
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Figure 4-5. RNA seq analysis of ANGIs subpopulations. A) Differentially expressed transcripts
between IAPP positive and negative subpopulations (P < 0.001, Fold change > 2). B) Endocrine
hormone expression in sorted cells. C) Differentially expressed transcripts pertaining to islet
function (P < 0.05). D) Expression of lineage-defining transcription factors.
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4.7 IAPP-expressing SC-β Cells Retain Stable Insulin Expression
Expression of IAPP is correlated with higher expression of key β cell genes regulating
insulin processing and correlated with maturation. It is also associated with decreased expression
of other endocrine cell lineages. Our laboratory and others have demonstrated that poly-hormonal
cells do not thrive as β cells after transplantation [81, 83, 84]. In addition, polyhormonal cells may
resolve into α cells either after transplantation as we observed, or after prolonged culture in vitro,
as has been observed in α cell differentiation protocols [91]. To determine whether IAPPexpressing cells may be more stable over long-term culture in vitro compared to IAPP-negative
insulin-expressing

cells,

we

sorted

mCherry-positive,

eGFP-positive/negative

ANGIs

subpopulations and reaggregated clusters for up to 50 days in vitro. While 72 hours after
reaggregation nearly all cells were insulin-positive by epifluorescence imaging (Fig. 4-6A), 6 days
post-reaggregation clusters had much lower mCherry signal in the eGFP-negative population
(Fig. 4-6B). This trend continued at each time point observed (Fig. 4-6C). To better-quantify this
phenomenon we dissociated cells after 12 days of post-reaggregation and analyzed transgene
expression. Strikingly, less than one quarter of cells that did not express eGFP at the time of
sorting retained mCherry signal after 12 days. In contrast, nearly 70 percent of eGFP positive
cells retained their expression of INS (Fig. 4-6D). It is unclear if mCherry negative cells in these
reaggregates resolved into other lineages or comprised dead cells from the reaggregates. Of the
cells that did retain mCherry expression after sorting for lack of eGFP expression, only some of
the cell population was able to activate eGFP expression over 12 days, likely reflecting the
activation of the transgene observed over normal stage 6 culture. In contrast, most of the cells
sorted for eGFP remained eGFP positive after culture, though some of this expression was lost
after reaggregation, suggesting that the more mature SC-β state may be in flux with prolonged
culture or after stressful processes such as sorting and reaggregation (Fig. 4-6E).
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Figure 4-6. Long-term culture of reaggregated ANGIs subpopulations. ANGIs differentiations
were sorted and reaggregated into mCherry+ and eGFP+/- populations for A) 3 days (4x
magnification), B) 6 days (10x magnification), and C) 9 days (10x magnification). D) Live cell flow
cytometry 12 days after reaggregation for mCherry expression. E) Flow cytometry on the
mCherry-positive subpopulation from reaggregates.
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Figure 4-6 continued.
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4.8 Discussion:
Maturation of SC-β cells has been a focus of numerous publications after initial reports of
protocols to differentiate insulin-producing cells in vitro [283]. These approaches have attempted
to further mature the function of SC-β cells and GSIS in vitro. This was also our initial focus in
choosing IAPP, a gene associated with co-expression networks that are dynamically regulated
during in vivo maturation as SC-β cells improve glucose responsiveness while up-regulating
transcripts associated perinatal islet development. While IAPP expression correlates with
increased cellular insulin content and expression as well as improved regulation of insulin release,
its expression alone does not rescue mature glucose sensing in vitro. This may be unsurprising
given the metabolic nature of GSIS inhibition in SC-β cells. Nevertheless, it appears that SC-β
cells expressing IAPP are a more developmentally mature subpopulation in differentiation, and it
our current definition of SC-β cells as Nkx6.1/C-peptide expressing cells could be updated to
include IAPP. It remains to be seen whether these cells are the only cells to maintain insulin
expression after transplantation, or whether in vivo maturation induces IAPP expression from
other cells which do not autonomously achieve IAPP expression in vitro. These studies are
ongoing. Given that IAPP was also identified in the GABA co-expression network in the previous
chapter, we also tried culturing ANGIs SC-β clusters for 7 days in the same GABA concentrations
used for GSIS experiments. We did not observe a significant change in population ratios after 7
days in culture (Supplemental Fig. III-5).
To date, differentiation of SC-β cells is considered complete after 10-20 days of
differentiation into stage 6 of our protocol [81], defined by simple maintenance of SC-β cells in
culture medium without additional growth factors. Here, we report that IAPP expression peaks
several weeks into stage 6 of differentiation (Fig. 4-2A). An additional 30 days for maximal
induction of IAPP is a large burden on the timescale of differentiation and planning for
experimental use of cells. Waiting for maximal induction of IAPP would result in a differentiation
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that takes 1/6 of a year to complete. It seems that this is a ripe opportunity for small molecule
screens to expedite the maturation of SC-β cells in vitro, possibly resulting in a seventh stage of
culture after IAPP induction. Here we have provided the first steps toward that goal, with a dual
knock-in reporter line capable of real time monitoring of both INS and IAPP expression. This report
has also identified a number of potential transcriptional regulators of IAPP including TRIM29,
HOPX, and PLAGL1 which are now being tested for the ability to induce IAPP expression and
facilitate a more rapid maturation to insulin/IAPP co-positive SC-β cells without the need to wait
nearly two months in stage 6 for maturation to occur at its own pace. Such a screen may also
increase the overall population size of mature SC-β cells, defined by Nkx6.1/C-peptide/IAPP even
after 50 days of culture.
This observation also invokes a question of timing when inducing differentiation of
pluripotent stem cells in an attempt to recapitulate normal fetal development. Whether some
events that take months to occur naturally can truly, fully occur at the rapid speeds achieved
through in vitro differentiation remains to be seen. It is likely this step can be facilitated more
rapidly, as insulin expression is induced long before IAPP in this protocol, and IAPP expression
may even precede insulin induction in the developing pancreas. On the other hand, precocious
induction of insulin resulted in poly-hormonal endocrine cell types not observed during normal
development in earlier iterations of SC-β protocols, and only by delaying onset of NGN3 induction
and allowing a true pancreatic progenitor population co-positive for Nkx61 and PDX1 to undergo
endocrine specification was it possible to induce NKX6.1-copositive SC-β cells capable of glucose
response and survival post-transplantation [81, 88, 89].
In addition to IAPP expression, it is also apparent that ADCYAP1 is not fully induced as
IAPP expression increases over time. It was our hope that cells expressing IAPP would also
harbor increased levels of ADCYAP1 transcript. After developing a protocol to induce timely
expression of IAPP, it may be worth inducing ADCYAP1 expression; the two secreted hormones
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act in opposing roles with IAPP reducing basal secretion of Insulin and ADCYAP1 stimulating
cAMP production and amplifying calcium transients in stimulated β cells after glucose exposure.
To combine both effects would produce SC-β cells with improved control over stimulus-secretion
coupling resulting in a differentiated cell type that will more responsively maintain glucose
homeostasis toward a cell-based therapy for diabetes. This work has added IAPP into the
discussion for markers and characteristics of SC-β cells in vitro and provided a tool to produce
more hormonally-mature SC-β cells in the form of the ANGIs dual knock-in reporter line.
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Chapter 5: Discussion

5.1 Metabolism and Glucose Sensing in SC-β Cells
Appropriate secretion of insulin is necessary to maintain life and balance energy
homeostasis; the ability of SC-β cells to maintain this balance is crucial for their potential
therapeutic value. This work is the first to analyze insulin secretion capacity at this depth in SC-β
cells and will be among the first report to suggest a molecular target to improve GSIS to the
magnitude observed in healthy cadaveric islets.
Insulin secretion assays in SC-β cells have been reported using both static incubation and
dynamic perifusion methods [81, 88, 89, 104, 105]. Static GSIS reports have demonstrated much
less glucose responsiveness than has been observed in healthy mouse rat and human models,
with fold-changes reported less than 5 in all publications to date. These methods have used
sequential challenges of large numbers of SC-β cells in a small number of replicates. Here, we
demonstrate a more robust and sensitive method to measure Insulin release using reaggregated
SC-β cells, with stimulation indices reaching 20-30 for KCl. Using metabolic intermediates, we
were able to achieve these levels of Insulin secretion, similar to healthy human islets that also
demonstrate a similar magnitude of insulin release in response to glucose and KCl stimulation
[98]. This method of insulin secretion analysis also allows for hundreds of measurements to be
made at the same time, increasing experimental capacity and allowing for dose-response analysis
in multiple conditions. We have also used total insulin content as a normalization method between
experiments. This allows for a more direct comparison between differentiations which may have
variability in differentiation efficiency as well as differences in insulin content as insulin stores
accumulate with time at the end of differentiation. Other methods reported have normalized to
total cell numbers and total DNA extracted from samples. Both of these normalization methods
are incomplete, as they overestimate the cell mass being measured, as all cells present,
regardless of insulin expression are measured in both methods. This method is also easier, as it
is incorporated into the insulin measurements necessary for the GSIS protocol.
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Our work with SC-β cells demonstrated that in many ways our cells are indistinguishable
from the human islet. Encouragingly, many aspects of their physiology which have not yet been
investigated were strikingly similar to the human islet, including glucose uptake measurements,
mitochondrial mass, early glycolysis, and response to some cell-permeable metabolites. While
we knew that SC-β cells expressed similar levels of characteristic β cell transcripts [81], the ability
to undergo biphasic Insulin release at the magnitude and timing observed in the human islet is
truly remarkable. Previous reports of glucose response have exhibited abnormal patterns of
release without a first phase of secretion [89], or a completely absent second phase [104, 105].
In most of these experiments, Insulin release compared to cellular insulin content was not
examined. With a more complete understanding of the dynamics of nutrient-dependent Insulin
release in SC-β cells, we can be even more confident that these cells accurately recapitulate the
mechanisms of insulin secretion observed in healthy cadaveric islets. While this work was not
able to fix SC-β metabolism in vitro, the similarities between human islet and SC-β cell insulin
secretion suggest that fixing this deficiency in GAPDH activity will result in a differentiated cell
type poised to replace cadaveric human islets for curative transplantation in diabetic patients and
provide a new platform for study of islet biology and in vitro diabetes models. These encouraging
results leave us excited for studies of insulin secretory vesicle pool dynamics [96], F-actin
remodeling in response to glucose challenge [102], calcium flux and homeostasis [94], and
regulation of membrane voltage and re-polarization [93]. Regulation of calcium flux may be
particularly interesting, as calcium transients were quite brief during methyl-3PG exposure and
may reflect differences in SC-β cell calcium homeostasis from human islets. These studies will
be tremendously informative and will likely allow us to ask new questions regarding human islet
biology with the advantages that come with gene editing approaches and cell numbers that are
currently unattainable from cadaveric tissue.
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Our identification of GAPDH as the bottleneck in GSIS is striking, as GAPDH has not been
described as a regulator of glycolytic flux in the β cell. Inhibition of GAPDH activity has mostly
been described in the context of cell stress and apoptosis [188-191, 193, 195-197, 284-287],
mediated by post-translational modifications that inhibit its ability to act as an enzyme and
simultaneously allow its nuclear translocation by the GAPDH binding protein, SIAH-1 [188]. We
have analyzed GAPDH for PTMs described previously and do not observe a significant amount
of these modifications that can induce this inhibition and/or translocation. This is not entirely
unexpected, as the loss of enzyme activity occurs before nuclear translocation in differentiation.
It may not be a coincidence that the active GAPDH tetramer is lost during pancreatic specification
in our differentiation protocol. In the healthy adult and rodent pancreas, we observe a mix of
cytoplasmic and nuclear GAPDH in both the islet and acinar tissue. We also observe some
nuclear GAPDH signal during endocrine specification during embryonic development, though at
much lower rates. Whether this difference in enzyme activity is an artifact of in vitro culture and
differentiation or due to an incomplete step in pancreatic specification will be important to
determine. This will be a challenge for future iterations of protocols and will require innovative
approaches to overcome. While induction of gene expression can be monitored with fluorescent
protein coding transgenes, it will be necessary to devise a high throughput way to analyze GAPDH
activity or to identify a novel interaction with GAPDH at the time of its inactivation to pursue a high
throughput approach to improve culture conditions with the aim of restoring GAPDH activity.
Alternatively, closer attention to GAPDH during pancreas specification in the developing
mouse may also be a model to study correct GAPDH modification and activity during
differentiation, though limiting tissue and difficulty of isolating this early fetal structure will be
challenging. While we were unable to detect any PTMs that could explain the lack of GAPDH
enzymatic activity, there are hundreds of described PTMs that can regulate enzymatic function
[288]. A more thorough analysis of the GAPDH PTM repertoire during the specification of
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pancreatic endoderm in SC-β cells may be the best approach to identify what processes are
inappropriately active or missing during in vitro differentiation resulting in inhibition of GAPDH
activity and GSIS in the further differentiated SC-β cell. Proteomic analysis is a field that is rapidly
advancing and improved sensitivity and ability to detect novel PTMs will be key toward
understanding this bottleneck in differentiated islets [289].
Mixed nuclear and cytoplasmic distribution of GAPDH in functional islets poses several
questions about the role of GAPDH in pancreas biology. Perhaps most importantly, does nuclear
GAPDH play a role in transcription or cell identity in the islet, and how does the localization of
GAPDH in a single cell change over time? Modification of GAPDH to manipulate its subcellular
localization and fusing GAPDH to a fluorescent protein would be logical approaches to answer
these questions [287]. While moonlighting enzymes are thought to be playing roles in different
compartments separate from their metabolic activity [202, 204], it is tempting to think that
subcellular localization of NADH production from GAPDH could regulate some processes,
especially in the nucleus given the role of NADH as a reducing capable of regulating transcription
[290, 291].
Use of lineage markers and gene expression profiling alone may not be sufficient to
demonstrate that differentiated tissues are equivalent to the bona fide human tissues desired, and
without a complete understanding of the limitations or shortcomings of stem cell-derived models
we may miss or overlook potential caveats in experimental design. It is possible that a biochemical
approach similar to our work using MIMOSA could prove valuable in other tissues, especially
differentiation of tissues whose metabolism and energy balance plays a critical role in normal
function such as liver, kidney, and endothelial cells. Gene expression is in many ways easier to
analyze and benefits from the ability to amplify measurable signal from very little starting material
as well as its origin from a finite set of molecular instructions from which to produce align-able,
readable signals. With advances in mass spectrometry and the development of tools to catalog
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and quantify metabolites, metabolomic analysis may have its time in the spotlight in characterizing
stem cell-derived tissues.
Our findings that metabolic intermediates such as methyl succinate and glyceric acid can
stimulate insulin release suggest that we may be able to supplement current SC-β cell products
with these intermediates to simulate diabetic stress or to screen for compounds that generate β
cell replication for therapy of T2D. Until it is possible to bypass inefficient GAPDH activity in vitro,
these compounds may allow us to begin using SC-β cells for in vitro disease modeling before we
fully recapitulate islet biology in differentiated cells. This may also present other challenges
through bypassing normal glucose uptake and early glycolysis, for example if these early
metabolites play a permissive role in β cell replication or stress, these aspects of the biology will
be missing from disease modeling in our cells until glucose sensing is re-established. These
issues have been raised with some of the intermediates used in this study, as super stimulation
of mitochondrial metabolism at the expense of glycolysis can in some contexts shift metabolic
balances away from physiological conditions [181, 182, 292]. Nonetheless, cell-permeable
intermediates may be useful tool compounds to prove human islet biology with current protocols
available.
The experiments performed in our analysis of SC-β cells were in many cases validating
or repeating classical experiments performed in the islet [98, 176]. This approach may prove
valuable in other tissues derived from stem cells. The novel applications and disease models that
have become available with differentiated human tissues from pluripotent stem cells are vast and
will provide insight into mechanisms of development and disease in the human that would not be
possible otherwise. One of the challenges present in rodent models of human disease are the
unknown or unavoidable differences in mouse and human biology. It is possible that with the
advent of stem cell-derived tissues that similar challenges will become evident. Only by
interrogating these models and confirming the biology we take for granted in primary tissues can
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we fully trust the models of disease and development that are rapidly becoming available to
researchers and avoid potential pitfalls or overly broad interpretation of results.
5.2 in vivo Maturation of SC-β Cells
in vitro GSIS profiles of human islets are not well-correlated with transplantation outcome.
Rather, islet health and inflammation are thought to limit transplantation efficacy [45, 293]. This
also appears to be true of SC-β cells, as GSIS profiles in vitro do not predict functionality of grafts
after transplantation. For this reason, rescuing functional glucose sensing in SC-β cells may not
be necessary to solve before these cells are clinically useful. However, even if transplantation
rescues function of SC-β cells, the processes regulating this phenomenon are not known, and
significant variability in transplantation outcome from the same differentiation among host mice
suggests that mechanisms underlying this maturation are not a guarantee after each
transplantation. In addition, for these cells to be used as a platform for drug discovery and human
developmental biology, glucose responsiveness must be further improved. In order to betterunderstand what aspects of β cell physiology are improved after transplantation we analyzed
gene expression changes after maturation in vivo for 6 weeks.
Gene expression changes during in vivo maturation do not directly implicate metabolic
shifts after transplantation. This is not too surprising, as gene expression analysis in other studies
have not been able to identify metabolic defects in SC-β cells, GAPDH as a glycolytic bottleneck
in GSIS appears to be at a post-translational block. Instead, we observed other aspects of β cell
biology maturing that will contribute to a more complete β cell phenotype as metabolism is
corrected. It will be of interest to determine how modifications of GAPDH correlate with improved
GSIS over time, though without a measurable modification or known process to monitor, it is not
yet possible to directly monitor GAPDH activity as transplants mature. When this does become a
possibility, we have demonstrated that the 6-week time point may be the appropriate in vivo
maturation window to examine how GAPDH activity is modified after transplant.
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RNA Seq analysis indicates calcium homeostasis, exocytotic machinery, and induced
expression of other β cell hormones are components of in vivo maturation. While these processes
may not directly resolve functionality via bypassing the observed bottleneck in GAPDH activity,
we have identified a number of potential transcriptional hubs that could modify insulin secretion
and may be markers of more mature SC-β cells. In particular, IAPP and ADCYAP1 would appear
to be excellent markers of more mature SC-β cells, as these are both β cell-specific hormones
and IAPP is known to play a role in islet dysfunction through the deposition of amyloid plaques
that are toxic to cells [250]. More investigation into IAPP as a potential marker of mature SC-β
cells is warranted and initial experiments suggest this is a promising avenue to pursue further in
vitro maturation.
One common characteristic of transplanted SC-β cells is the increase in secreted Insulin
over time as transplants mature. Recent reports have demonstrated detectable Insulin secretion
in response to glucose challenge as early as three days after transplantation [105], though how
these changes are observed before vascularization has been achieved is unclear [235, 236]. A
concerted effort to profile and quantify insulin release over time as transplants mature will be
necessary in order to measure and predict the number of cells needed to achieve a therapeutic
but safe threshold of insulin secretion after transplantation as well as determine how long
improvement continues after transplant. If insulin content continues to increase after
transplantation, it may be necessary to deliver a sub-therapeutic dose to the patient to prevent
hypoglycemic excursions. Alternatively, with the data presented here it may be possible to mature
SC-β cells in vitro in order to avoid this progressive Increase in secreted Insulin in response to
glucose challenge in vivo.
Transplantation of stem cell-derived β cells for curative diabetes therapy is a realistic goal
in the coming decade. Analysis of transplantation has so far been limited to demonstration of little
to no tumor formation after transplant and the ability to maintain survival in transplanted animals
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after diabetes induction. The current standard of care for diabetic patients is injection of
exogenous Insulin to regulate blood sugar. This therapy is not ideal, as brief but recurring
hyperglycemic excursions over time cause microvascular complications, resulting in
nephropathies, neuropathies, and retinopathies among other complications [205]. In order for SCβ cells to join human islets in replacing exogenous Insulin therapies, the capacity of these cells
to maintain normoglycemia more efficiently than insulin injection and a direct comparison of their
efficacy to cadaveric islet tissues must be demonstrated. SC-β cells have been shown to decrease
overall glycemic levels in diabetic animals and exhibit improved GSIS with prolonged
transplantation time. Studies must now be done using continuous glucose monitoring, HbA1c
measurements [294], and analysis of other diabetes comorbidities to insulin pump therapies to
demonstrate if SC-β cells are in fact a more efficacious treatment for T1D than insulin therapy [9].
While human islet transplantation using the Edmonton protocol has successfully produced insulin
independence in patients [42], long-term transplantation outcome is still less-than-desirable, with
fewer than 10% of patients maintaining normoglycemia 10 years after transplantation [43, 45]. In
addition, human islets transplanted into the liver may not function as well as islets from wholepancreas transplants [295]. Reasons for this loss of function are not well-understood but should
be considered in the context of in vivo function and maturation of these cells. It is possible we
need to strive beyond an in vivo matured-like cell to fully cure diabetes after transplantation of
SC-β cells.
Analysis of SC-β cells after 2 months of maturation in vivo reveals that there are still many
differences between SC-β cell gene expression and human islets. It is unclear how long SC-β
cells must remain under the kidney to achieve as mature a state as possible in vivo. Time course
analysis and longer in vivo experiments may be necessary to address this question, though longer
transplant times and large cohorts for analysis will be technically challenging and expensive.
Perhaps rather than further gene expression analyses, more detailed study of graft function would
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be informative. Experiments using hyperglycemic clamps [296], the in vivo counterpart to dynamic
perifusion experiments, as well as transplant into sites with more thorough imaging capabilities
such as the anterior chamber of the eye may allow us more detailed access to monitor the
transplants [297, 298]. Combination of genetic reporters for β cell markers along with biosensors
such as the GCaMP Calcium sensor or membrane Voltage sensors would be useful to analyze
Insulin release and glucose sensing in real time in the same animal [299, 300]. These experiments
may also pose more or less stress to the animal, and the environmental effects on Insulin release
in live animals is hard to understate: adrenaline and other stress-related hormone signaling is
undoubtedly in flux as animals are handled and bled during in vivo GSIS assays. Analysis of
transplanted SC-β cells in other models may also be informative, as previous work has
demonstrated that rats are a more suitable transplantation host than mice for pancreatic
progenitors [301]. It may be necessary to observe SC-β cells in diabetic non-human primate
models to observe functional maturation in a more human-like model.
5.3 IAPP Dual Reporter
Our identification of IAPP as a maturation marker for stem cell-derived β cells is both
useful and surprising. IAPP is a β cell-specific peptide hormone co-secreted with Insulin at a ratio
of 100:1 (INS:IAPP) and modulates the activity of Insulin by regulating satiety and glucose
utilization after Insulin-dependent glucose uptake and suppressing its secretion in an autocrine
manner [220, 250, 253, 254, 260]. We chose IAPP as a potential marker of mature SC-β cells
because it was known to be β cell specific, was strongly up-regulated after transplantation and
functional maturation, and clustered with other functionally important β cell genes after MEGENA
co-expression network analysis.
SC-β cells expressing IAPP are more stable than IAPP-negative cells which may revert
into other endocrine cell lineages with prolonged culture. These cells have nearly 10 times more
insulin content per cell, better-regulate basal Insulin secretion, and express in vivo maturation
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associated genes at a higher level than IAPP-negative SC-β cells, even though NKX6.1
expression is present in both sub-populations at similar levels. The ANGIs iPS line now gives us
a chance to study aspects of SC-β cell induction including epigenetic states of polyhormonal and
mono-hormonal SC-β cells and is a tool to enrich more mature SC-β cells than Insulin reporter
lines alone are capable of. This line will also be facilitate small molecule screens to identify
inducers of SC-β cell maturation more quickly in vitro as well as compounds that can increase
induction efficiency of SC-β cells over time.
It is curious that the insulin::P2A-mCherry transgene does not fully cleave and results in a
fusion protein localized to the secretory vesicles, as the same construct design was used to create
the IAPP::P2A-eGFP sequence. Both peptides are flanked by a triple nuclear localization
sequence signal on the N and C-termini of the cleaved peptide, but in the same cell one peptide
sequence is successfully cleaved and properly localized while the other peptide sequence
survives translation, resulting in an Insulin fusion protein. It is possible that the translational
machinery responsible for Insulin translation may be different than that for IAPP. This could be at
the level of Ribosomal ribonucleoprotein structure, or Insulin-specific chaperones located at the
ER membrane as translation occurs. While this was not the original intent of the reporter line, it is
an unexpected finding and hints at unique regulation of insulin synthesis. Perhaps this is not
surprising for a transcript that accounts for such a large percentage of translation occurring within
the cell [302].
In addition to maturation, it is also in the interest of the SC-β field to induce IAPP
expression in SC-β cells, as it would be invaluable to have a human islet model to study toxic
oligomer formation in SC-β cells [250, 252, 254, 272, 276, 303-307]. IAPP is the first
amyloidogenic protein discovered, which was identified by biochemical analysis of plaques
present in diabetic pancreata [275]. The IAPP peptide sequence in rodents is not amyloidogenic,
and thus the potential role of amyloid fibrils in driving or exacerbating diabetic stress in the islet
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has not been well-studied [247, 259, 278]. A model in which to visualize expression of a potential
dysregulated and toxic protein as well as understand the independent regulation of IAPP from
insulin in the islet β cell could prove invaluable, offering a chance to both identify therapeutic
targets to avoid amyloid fibril toxicity as well as produce SC-β cells with a higher capacity to
secrete Insulin and exist stably after transplantation. Going forward it will be interesting to
determine if the stability of IAPP-expressing SC-β cells in vitro is also true after transplantation
and could be analyzed by sorting for eGFP-positive and negative cells expressing mCherry and
transplanting each population under a different kidney in the same mouse, asking how much
mCherry expression persists after several weeks in vivo.
5.4 The Next 10 Years of Stem Cell-derived Β Cells:
The first reports of SC-β cells able to respond to glucose and thrive after transplantation
was published 4.5 years ago [81, 89]. Since that time protocols have been developed to produce
more functionally mature cells as defined by gene expression and by GSIS profiles in vitro [104,
105, 116]. With this report and others, it is possible that newer protocols will transition from
broader characterization-based approaches to more targeted screens to improve cell identity and
function. It may also be beneficial for groups to stop examining a generic GSIS phenotype of
Insulin secretion and focus on individual processes, such as maintaining de- and re-polarization,
calcium flux dynamics, or even GAPDH activity. These approaches may be more applicable
between protocols and will provide a more hypothesis-driven method to improve SC-β cell
differentiation protocols.
It is our hope that GSIS assays will also become more standardized in the years to come.
At the moment, each SC-β cell publication appears to have performed GSIS differently and
choosing a standardized protocol with the best sensitivity and reproducibility will be valuable. In
the same vein, it would be prudent to require groups claiming improved function or a modification
of current SC-β protocols to demonstrate efficacy in more than one genetic background in order
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to ensure lessons learned are applicable to most differentiations and protocols do not drift apart
from line-to-line as they evolve. Differentiating SC-β cells and changing differentiation protocols
will also require authors to address an important question: are the cells being produced
fundamentally more or less functional or has a media or culture-based modification changed
Insulin secretion profiles without addressing a more basic deficiency in the cells. For example,
GSIS phenotype in SC-β cells is easily manipulated by adding or subtracting serum in the final
stage of differentiation [104]. However, switching culture conditions again reverts phenotypes and
does not have a stable effect on the cells. Whether this is an actual improvement in differentiation
protocol or whether this is a work-around for a larger issue needs to be addressed and agreed
upon. This is analogous to culturing human islets in low or high glucose for 24 hours before GSIS
[99]. Higher basal glucose culture can disrupt the insulin secretion phenotype, but changes in
basal media are not permanently changing the cell types within the islet. This is in part a semantic
argument, but certainly not in the context of therapeutic potential of SC-β cells or the proper
characterization of cells for transplantation into humans.
Other cell types present within the SC-β differentiations have so far been referred to as
“poly-hormonal” cells [81, 84, 86, 89], and their presence has been dismissed as a hurdle to be
addressed. However, the human islet does not only contain β cells. Controlling ratios of other
endocrine lineages either through a single protocol or reaggregation of multiple cell types
differentiated in separate protocols may be an interesting approach to model intra-islet
interactions as well as produce islets capable of maintaining normoglycemia but ensuring the
transplant recipient is equally protected from hypoglycemic episodes. Complexity of differentiation
protocols will increase dramatically with multiple cell types generated at once, but this may be the
only way to generate a fully islet-like cluster of cells from a pluripotent source. Indeed, it is known
that α cell function is lost in diabetes and without replacing the β cell population of the endogenous
islet it may be necessary to supply new α cells to regain control of glucagon secretion [308].
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Disease modeling in SC-β cells will likely far-outlast the current challenges we face in
producing a fully functional islet. T2D modeling in SC-β cells will allow for screens and models
incorporating IAPP oligomeric studies as mentioned earlier as well as insulinotropic and
replication-based screens ensuring results are applicable to human biology. The combination of
non-replicative β cells as starting material as well as the ability to conduct extensive gene editing
in these cells makes SC-β cells a promising model for the study of T2D stress and replication in
vitro. Recapitulating T1D will be more complicated but is a completely unexplored space for ex
vivo disease modeling. Only with the ability to make genetically matched SC-β cells to donor blood
samples can we observe autoimmune β cell destruction ex vivo [57, 58, 309]. These studies allow
us to bypass species barriers that exist in replicating T1D autoimmunity as well as begin to
observe the initial events that precede and proceed interaction of the healthy, unstressed islet
with autoreactive T cells. This will likely be the most promising SC-β application other than direct
cell therapies in patients and may be the most revealing set of experiments to learn new human
islet biology. In order to fully realize this goal for ex vivo disease modeling, the most islet-like
tissue will be a necessary starting point. The work described here has identified several
approaches and tools toward that goal.
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Appendix I

Supplemental Figure I-2. Enrichment of SC-β Cells A) Sorting based on zinc content using the
TSQ dye reveals a zinc-containing sub-population. B) Flow cytometry analysis of cells before and
after TSQ-based sorting for C-Peptide and Nkx6.1. C) Real Time RT-PCR analysis of cDNA for
mitochondrial DNA normalized to genomic DNA.
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Supplemental Figure I-4. Secretagogues Continued. A) Cadaveric islet and SC-β cell
response to ketoisocaproate (KIC) in static GSIS. B) Human islet and SC-β cell response to β
hydroxybutyrate. C) Human islet and SC-β response to Dihydroxyacetone. D) SC-β cell response
to methyl-2-Phosphoglycerate.
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Supplemental Figure I-6. GAPDH Localization During Differentiation. A) GAPDH
immunofluorescence staining throughout differentiation of SC-β cells. B) GSIS profiles of SC-β
cells cultured in previously described basal media and current protocol “V8” medium with KCl
stimulation for comparison. C) Western blot of lysates from DSS-crosslinked samples from SC-β
differentiations in serum-supplemented (v1) or BCA-supplemented media (v8).
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Supplemental Figure I-6 continued.
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Supplemental Figure I-7. PTM Profiles of GAPDH A) Western blot of immunoprecipitation of
GADH and PGK1. B) Acetylation of GAPDH Lysine Residues detected by mass spectrometry in
human islets and SC-β cells. C) S-Nitrosylation of Cysteine 152 of GAPDH from human islets
and SC-β cells.
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Appendix II

Supplemental Figure II-1. SC-β Profiles. A) Flow cytometric analysis of SC-β cell
differentiations used in this study. B) in vitro GSIS profiles of SC-β cell differentiations. C) in vivo
GSIS profiles of transplanted cells after 6 weeks of in vivo maturation.
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Fig

Supplemental Figure II-3. Candidate module c1_8. c1_8 contained 2,606 genes and was
partially mature at stage 6 as 44.8% genes were not DE vs adult β cells (A). c1_8 was maturing,
i.e., enriched in up-regulated DEGs in the in vivo maturation experiment (B) and maturation of
fetal β cells in human (GSE56130) [86] (C). c1_8 was functionally important as indicated by
enrichment in GSIS-associated genes [228] (D) and markers of successful islet graft function
(GSE75062) [227] (E)
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Supplemental Fig II-4. Candidate module c1_21. A) c1_21 contained 357 genes and had
52.7% mature genes with comparable expression to adult β cells at stage 6. B) c1_21 was
maturing, i.e., enriched in up-regulated DEGs the in vivo maturation experiment C) and to a lesser
extend in maturation of fetal β cells in human pancreata [86]. D) c1_21 was functionally important
as indicated by enrichment in GSIS-associated genes in healthy and diabetic islets [228] E) and
markers of successful islet graft function after transplantation into mice [227]. F) Genes in c1_21
trended to increase in expression during hyperglycemic stress after islet transplantation into
diabetic mice [110].

Supplemental Table II-1. Major biological themes in modules c1_8 and c1_21.
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Module c1_8
Biological theme (N GO terms)

Example enriched GO terms at FDR 5%

Hormone secretion (10)

regulation of GSIS (GO:0061178)
insulin secretion (GO:0030073)
regulation of insulin secretion (GO:0050796)

Differentiation and development (64)

neuron development (GO:0048666)
axonogenesis (GO:0007409)
synapse assembly (GO:0007416)

Vesicle transport, exocytosis and secretion vesicle-mediated transport (GO:0016192)
(59)
exocytosis (GO:0006887)
secretion (GO:0046903)
Electrophysiology (27)

membrane depolarization (GO:0051899)
action potential (GO:0001508)
ion transmembrane transport (GO:0034220)

Cell-cell communication (14)

trans-synaptic signaling (GO:0099537)
cell-cell adhesion (GO:0098609)
cell-cell signaling (GO:0007267)
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Supplemental Table II-1 continued.

Lipid metabolism (5)

glycolipid metabolic process (GO:0006664)

Other (56)

receptor clustering (GO:0043113)

Module c1_21
Differentiation and development (3)

neuron differentiation (GO:0030182)

Supplemental Table II-2. Validation candidate modules for relevance to β cell function.
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Gene set

Module c1_8

Module c1_21

Mendelian disease genes:

ABCC8, GCK, GCKR, HADH,

HNF1A, MAFA, PDX1

diabetes or related

NEUROD1,

PAX6,

PRPS1,

RFX6, WFS1
Type

1

diabetes GAD2,

G6PC2,

autoantigens

SLC30A8, IGF2

Anti-diabetes drug targets

GLP1R, DPP4

β cell – relevant transcription DACH1,

PTPRN, PTPRN2,
SOX13

DACH2,

ELAVL4, MAPK8IP1,

FOXO1, ISL1,
regulators

INS-IGF2,

MEIS3,

NKX6-1,

INSM1, JAZF1, MAFB, NKX6-3, TFEB
TSHZ1

Formation or acidification or

vacuolar-type

H+-ATPases ATP6V0D1,

ATP6V0A1,
trafficking of insulin granules

ATP6V0E2,

ATP6V1A,

ATP6V1B2, ATP6AP1, CHGA (1),

ATP6V1C1,
ATP6AP2,

SNAP25, WDR5 (2)

synaptotagmins
SYT1,

SYT4,

SYT7,

SYT13,
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SYT11,

Supplemental Table II-2

continued.

SYT14, SYT16, SYT17
Glucose transport

SLC2A11, SLC2A12

SLC45A1

Elements of GSIS
Glucose sensors:

SLC2A2, SLC5A4

KATP channels:

ABCC8, ABCC9, KCNJ8

Voltage-gated
channels:

Ca2+ CACNA1A,

CACNA1B,

CACNA1C,
CACNA1D,

CACNA2D1,

CACNA2D2,
CACNA2D3
Insulin processing

CPE, ERO1B, PCSK1, PCSK2
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Supplemental Figure II-5. A) Submodule c1_66 was associated with GSIS [228], and B) tended
to be down-regulated in hyperglycemic stress [110]. C) Other elements of GABA signaling were
also up-regulated during in vivo maturation.
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Supplemental Figure II-6. JAK/STAT signaling as candidate inducer of maturation. A)
Submodule c1_409 and B) submodule c1_291 were previously associated with GSIS in cadaveric
islets [310]. C) Genes in JAK/STAT cascade and specifically growth hormone receptor GHR
pathway tended to be up-regulated in the in vivo maturation experiment.
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Supplemental Table II-3. Other candidate inducers of β cell maturation. Genes are identified
based on network topology analysis of modules c1_21 and c1_8. All genes had high betweenness
centrality, were “immature” at stage 6 and differentially expressed in the in vivo maturation
experiment. MAPK8IP2 (c1_2, c1_21, c1_155), PRUNE1 (c1_73, c1_286), NMNAT2 (c1_56)
were also hubs for the submodules indicated in brackets. “-” denotes negative correlation while
“+” denotes positive correlation.
Gene

Module hierarchy

in vivo maturation

Correlation with GSIS

Log2FC (FDR)

[228]

ABHD14A

c1_2,c1_21,c1_153,c1_411 1.9 (0.0069)

no

ADORA2A

c1_8,c1_55

-0.7 (0.0199)

no

CDS2

c1_8,c1_67,c1_278

1.1 (0.0136)

no

CNTN1

c1_8,c1_62

1.8 (0.0204)

no

DACH1

c1_8,c1_59,c1_265

0.8 (0.0275)

- HbA1c, + insulin

GLT1D1

c1_8,c1_53

2.0 (0.0046)

no

GPRASP1

c1_8,c1_62

1 (0.0335)

- HbA1c, + insulin

GPRASP2

c1_8,c1_62

0.9 (0.0024)

no

HMGCLL1

c1_8,c1_57,c1_262

2.7 (0.0069)

no

HTR1F

c1_8,c1_68,c1_280

1.6 (0.0267)

no

KIAA1324

c1_8,c1_62

2.3 (9e-04)

- HbA1c, + insulin

KIF13A

c1_8,c1_79

2.8 (0.0131)

- HbA1c, + insulin

MAGEE1

c1_8,c1_62

-3 (0.02)

no

MAPK10

c1_8,c1_80,c1_293

1.2 (0.0164)

no

MAPK8IP2 c1_2,c1_21,c1_155

2.7 (0.0405)

no

c1_8,c1_84,c1_297

1.2 (0.0459)

no

NCALD
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NMNAT2

c1_8,c1_56

1.7 (0.0181)

- HbA1c, + insulin

NOL4

c1_8,c1_80,c1_293

0.6 (0.0283)

- HbA1c, + insulin

NUDT3

c1_8,c1_59,c1_266

2.4 (0.0305)

- HbA1c, + insulin

OGFOD3

c1_2,c1_21,c1_156

3.4 (0.0261)

no

PCDHB10

c1_8,c1_66

3.0 (0.0305)

no

PRUNE1

c1_8,c1_73,c1_286

1.0 (0.0062)

no

RAVER2

c1_8,c1_74

2.5 (0.0144)

no

RCAN2

c1_8,c1_66

3.5 (0.011)

no

RTN1

c1_8,c1_63,c1_271

2.1 (0.013)

- HbA1c, + insulin

SLC4A10

c1_8,c1_61,c1_270

2.2 (0.0035)

- HbA1c, + insulin

TMCC2

c1_2,c1_21,c1_155

2.4 (0.0129)

no

ZHX3

c1_8,c1_60

2.6 (0.0329)

- HbA1c, + insulin
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Appendix III

Supplemental Figure III-1. Gene Targeting in 1016 iPS. A) Complete vector used for Insulin
targeting toward IRN clones. B) Complete vector used for IAPP gene targeting for ANG clone. C)
PCR validation of correct ANG insertion to make ANGIs clones (Clone 1 in 3’ insert was due to
evaporation of mix during PCR. Second clone PCR is shown in Fig. 4-1).
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Supplemental Figure III-2. Immunofluorescent staining of ANGIs Differentiations. A)
Immunofluorescence stain of Insulin, mCherry, eGFP, and DAPI at 20x (left) and 100x (right) and
B) Chromogranin A, mCherry, eGFP, and DAPI at 20x (left) and 100x (right).
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Supplemental Figure III-4. Complete in vivo Cohort Data from ANGIs Clones 1 and 2. A) in
vivo GSIS data from ANGIs Clone 1 transplantation cohort. B) Circulating human Insulin before
and after injection one-week post-transplantation. C) Circulating human Insulin before and after
injection 5 weeks post-transplantation. D) Circulating human Insulin before and after injection 9
weeks post-transplantation. E) in vivo GSIS data from ANGIs Clone 2 transplantation cohort. F)
Circulating human Insulin before and after injection one-week post-transplantation. G) Circulating
human Insulin before and after injection 5 weeks post-transplantation. H) Circulating human
Insulin before and after injection 9 weeks post-transplantation
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Supplemental Figure III-4 continued.
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Supplemental Figure III-5. Incubation of ANGIs Clone 1 with GABA for 7 days.
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Materials and Methods

Culture and passage of Pluripotent Stem Cells
Pluripotent stem cell lines were cultured in mTeSR 1 media. Both planar and suspension
cultures were fed with fresh medium every 24 hours. After dissociation with TrypLE trypsin or
Accutase for planar or suspension cultures, respectively, cells were re-plated using a 1:1000
dilution of Rho Kinase inhibitor for the first 24 hours-post split to maintain cell survival. Planar
cultures were maintained on tissue culture plates pre-coated using maintenance Matrigel from
Stem Cell Technologies. After dissociation cells were counted using a Vicell automated cell
counter and plated at a density of 65,000 cells per cm2. Suspension maintenance lines were
dissociated and re-seeded every 72 hours and planar cells were dissociated and re-plated every
72-96 hours depending on survival and confluency at the time of passage.
Differentiation of SC-β Cells
Differentiation of SC-β cells were accomplished using the protocol previously published with the
following adjustments [81]. Suspension cultures were differentiated 48- or 72-hours postseeding once clusters achieved an average diameter or approximately 200 µm. Stage 2
induction of foregut endoderm was carried out for 48 hours rather than 72 hours. Stage 3
induction was performed in the absence of the BMP inhibitor LDN, and stage 4 differentiations
were performed including 1:1000 dilutions of Rho kinase inhibitor to improve cell survival and
cluster integrity as well as a 1:2000 dilution of Activin A. Finally, stage 6 clusters were either
maintained in CMRLS + 10% FBS as previously described, or in a simpler MCDB131-based
medium used in stages 3 and 4 of the differentiation protocol. CMRLS was used when
comparing metabolism of SC-β cells and human islets. For other GSIS-based experiments S3
base medium was used.
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Flow Cytometry
Flow cytometry was performed after dissociating cells in Accutase, washing in PBS and either
using live cells in FACS buffer (PBS with 5% FBS, 0.1M EDTA, 1:1000 Rho kinase inhibitor, and
0.5% BSA) or fixed in 4% PFA for 20 minutes followed by washing and analysis in PBS. Stains
were performed overnight at 4 degrees with manufacturer-recommended dilutions. Analyses
were performed on the BD LSR II, BD Fortessa, and the Attune NxT. .fcs files were analyzed
using FlowJo software. Stained cells were analyzed using alexafluor dyes 488, 594, and 647.
TSQ samples were analyzed using the violet channel and analyzed for fluorescence at 405 nm.
Immunofluorescence
Immunofluorescence was performed on 10 µm sections of tissues fixed in 4% PFA and stored
either in paraffin wax or cryo-preserved in OCT freeze medium. Sections were cut using a
cryostat for frozen sections or microtome for paraffin-embedded samples. Slides were stained
after rehydration and antigen retrieval in boiling citrate buffer. Samples were blocked in 10%
Donkey serum in PBST for 30 minutes after antigen retrieval. Primary antibody concentrations
were used as directed by manufacturers and allowed to incubate in blocking buffer on slides
overnight at 4 degrees. Secondary antibodies were used at a 1:500 dilution of Alexafluorconjugated donkey secondary antibody and DAPI. After washing slides were mounted using
Fluoromount-G and sealed with nail polish before being allowed to dry in a light-protected
chamber. Images were collected using the Zeiss Imager Z2 microscope and figures were
generated using the Zen Blue software to generate individual channel images. Some images
were generated using Photoshop to combine channels. These images were not altered after
generation in the ZEN software.

155

Use of Fluorescent Zinc Dyes
SC-β cells were sorted using TSQ live cell dye. TSQ was resuspended at a concentration of 25
mg / mL in DMSO and diluted at 1:2000 in PBS or FACS buffer before analysis by flow
cytometry. Analysis when sorting or on the LSR II was performed using an ultraviolet light
source. Use of TSQ with the Fortessa or Attune NxT was performed using the violet channel.
FACS Isolation of SC-β Cells
SC-β cells were dissociated and resuspended in FACS buffer as previously described. After
resuspension and addition of TSQ and Propidium Iodide (1:100) where applicable, cells were
kept on ice and sorted using either the FACSARIA III, MoFlow XDP, or MoFlo Astrios in the
Harvard Bauer Flow Cytometry Core. After enrichment of SC-β cells samples were spun down
at 350 rcf and used for their downstream applications as described elsewhere.
Cell-permeable Live Cell Dyes
The following live cell dyes were used at these concentrations. Fluo-4 calcium sensitive dye was
used at a dilution of 1:50 in Kreb’s Ringer Buffer during imaging. DisCap voltage potential dye
was used at manufacturer recommended concentration and allowed to remain on cells for the
duration of experiments. TSQ was used at a concentration of 12.5 µg/ mL and also allowed to
remain on cells for the duration of each experiment. Propidium Iodide (Thermo Fisher) was used
at a concentration of 10 µg/mL.
Static GSIS Assays
Stage 6 cells were dissociated using Accutase and quenched. After resuspension in basal
medium with a 1:1000 dilution of Rho Kinase inhibitor cells were counted and resuspended at a
concentration of 50,000 cells per mL. Using a multichannel pipette and trough, 96-well V-bottom
low attachment plates were filled with 100 µL per well of cell suspension and spun at 230 rcf for
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5 minutes in plates. Clusters were allowed to re-aggregate for at least 48 hours and fed at 48hour intervals after reaggregation. Medium was aspirated using a 12-well aspirating manifold
after spinning re-aggregates to the bottom of each well. Fresh Kreb’s Ringer Buffer was
prepared for each experiment from salts to improve reproducibility of results. Plates were spun
down and cells were washed twice in 2.8 mM Glucose KRB. Plates were allowed to fast for 120
minutes at 37 degrees followed by another wash step and replacement of KRB with low, high,
KCl, or other treatments in KRB. Plates were spun, incubated for 1 hour at 37 degrees, re-spun
and the top 70 µL of supernatant collected and some representative wells lysed in RIPA to
calculate total insulin content per cell. Supernatant was re-spun in 96 well PCR plates and the
top 50 µL of supernatant was collected and frozen at -20 degrees until analysis.
Dynamic GSIS Perifusion Assays
KRB was prepared the same as described above. Clusters were allowed to fast in low glucose
for 2 hours followed by loading into dynamic perifusion chambers as described previously in the
BioRep perifusion system [103]. After loading low glucose KRB was flowed over chambers for
30 minutes at a rate of 100 µL per minute to allow clusters to adjust to the change in flow
pressure. Supernatant was then collected and frozen at -20 degrees before analysis.
Insulin ELISAs
Insulin samples were stored as previously described before thawing at room temperature on the
day of analysis. Samples were loaded into either the Alpco human Insulin elisa for in vitro GSIS
analysis or ultrasensitive human Insulin ELISAs for in vivo maturation GSIS samples as
described in the manufacturer’s protocol. After developing ELISA plates and stopping the
reaction, absorbance was read at 450 nm and 605 nm for sample and background absorbance,
respectively. Lysed insulin content samples were also run at a 1:100 dilution simultaneously.
Each plate run contained its own standard set for internal control.
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Quantification of Mitochondrial Content
Mitochondrial mtDNA content was analyzed using Real Time RT-PCR and primers as
previously described [174]. Primers were custom-ordered through Thermo Fisher using the
same sequences. Mitochondrial mass was also measured using MitoTracker Green as a
measure of total mass. After incubation in MitoTracker Green as described by the manufacturer
in suspension, cells were washed and analyzed by flow cytometry.
MIMOSA 13C Tracing
SC-β clusters were enriched using TSQ-based sorting and reaggregation. After reaggregation
cells were washed and incubated in simple DMEM medium created from powder on the day of
analysis using 4 mM Glutamine and 9 mM Glucose as previously described [176]. After allowing
clusters to reach steady state metabolism for 3 hours, clusters were treated with either 13C
labeled glucose or glutamine for 0-180 minutes followed by lysis in quench buffer described by
Alves et al. After quenching, samples were frozen on dry ice and shipped overnight to Yale
University for Mass Spectrometric analysis. Values were generated as a function of signal
enrichment and described at Atomic Percent Enrichment (APE). Final values were calculated at
Yale University by Tiago Alves using Wave software.
Western Blot
Protein samples were collected in RIPA buffer containing Protease and Phosphatase inhibitors.
After lysis samples were quantified using Pierce BCA Rapid Gold Protein Assay. After
calculation, samples were diluted to a mass of 5 ug protein and combined with Pierce loading
buffer and reducing reagent. After boiling for 10 minutes samples were run using BioRad AnyKD
gels and transferred onto nitrocellulose membranes. Membranes were blocked for 30 minutes in
3% BCA in TBST and primary antibodies were incubated overnight in 0.1% BCA in TBST
according to manufacturer suggested primary antibody dilutions. HRP-conjugated secondary
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antibodies were incubated at a 1:10,000 dilution and developed either on film or in the BioRad
ChemiDoc instrument.
Intermediate Metabolite Treatment
Intermediate metabolite GSIS assays were performed as described above, using low glucose
basal KRB solution and supplemented with 5, 10, and 20 mM metabolite mixture. Metabolites
were measured as powder and added to KRB.
Small Molecule GSIS Assays
To test efficacy of small molecules and biomolecules for improved GSIS, SC-β clusters were
incubated in concentrations described previously for 72 hours before GSIS was performed.
Compounds were not included in KRB at the time of assay for ease of experiments. Medium
was changed after 24 and 48 hours after treatment to maintain drug efficacy. Concentrations
were used at the reported IC50 or EC50 and 0.2x and 5x those reported values for each
experiment.
Calcium Flux Imaging
TSQ-sorted clusters were plated in maintenance Matrigel as described previously. Fluorescence
was quantified using the Axiozoom V16 instrument in the Harvard Center for Biological Imaging.
Image analysis was performed in ImageJ after collection and generation of image files in ZEN
software. Clusters were allowed to fast for 2 hours before dye incorporation. Clusters were then
washed 3 times and maintained in low glucose KRB until replacement with KRB with indicated
additions.
Immunoprecipitation
Clusters were lysed in Pierce IP Lysis buffer containing HALT protease/phosphatase inhibitor
cocktail dilution at 1:100. After quantifying protein concentration 500 µg of lysate was incubated
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in primary antibody overnight at 4 degrees according to manufacturer recommended antibody
dilutions. After overnight incubation Protein G Dynabeads were washed in IP Lysis buffer and
incubated with shaking for 1 hour at 4 degrees. After incubation beads were washed in IP Lysis
buffer and protein was eluted from beads using boiling in SDS-Urea buffer. Samples were
evenly diluted and run in western blot without quantification but normalized using H+L bands.
Mass Spectrometry Analysis of Post-translational modifications
After immunoprecipitation and confirmation via western blot, SDS-PAGE gels were run and
expected bands for GAPDH and PGK1 were cut out from the gel without stain. After bands were
cut from the gels, the samples were washed in 50% acetonitrile for 2 hours at room temperature
to dehydrate samples. Gel blocks were then stored at 4 degrees until analysis by the Bauer
Proteomics Core.
Transplantation
In vivo maturation experiments were carried out using immunocompromised SCID-Beige male
mice from Jackson Laboratories (CB17.Cg-PrkdcscidLystbg-J/Crl). Surgeries were performed under
the Melton protocol 10-18 for Harvard University. Animals were anesthetized using avertin and 5
million total cells of SC-β differentiations were transplanted underneath the left kidney capsule
using a 27-gauge butterfly needle in ice cold low glucose DMEM. Animals were allowed to recover
on a heated pad under supervision until active before individual housing after surgery.
Recovery of Transplanted Cells
Animals were sacrificed using CO2 asphyxiation and secondary cervical dislocation as per our
animal protocol regulations. Individual kidneys were removed from the body cavity after sacrifice.
Under a fluorescent dissecting microscope (Leica X) the kidney capsule was peeled from the
body of the kidney, taking with it the GFP-positive graft. After isolation in PBS, 1/3 of each graft
was fixed in 4% PFA as described. The rest of the graft was incubated in Accutase for 10 minutes
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at 37 degrees followed by passing through progressively higher gauge needles from 10/15/27
gauge. After dissociation cell suspensions were filtered through a 40 µM filter and resuspended
in stage 6 medium and immediately sorted.
Generation of 1016 iPS GFP Line
The 1016 iPS cell line was purchased from Columbia University. Constitutive GFP-expressing
1016 iPS cells were generated using the constructs previously described [311]. Cells were
selected using Puromycin and expanded and adapted to 3D suspension culture. All experiments
using human embryonic or other pluripotent stem cells were reviewed and approved by the
Harvard University Embryonic Stem Cell Research Oversight (ESCRO) Committee.
Donor islets
Islets for study were purchased from Prodo Laboratories, NDRI, and the University of Miami. All
islets were isolated from healthy donors at the time of death and used within 7 days of shipment.
All islet studies were performed in accordance with IRB approved procedures at Harvard
University under protocol IRB16-0013.
In vivo GSIS
After transplantation SCID-Beige mice were allowed to recover for 2 weeks followed by in vivo
GSIS analysis at 2, 4, and 6 weeks post-transplant. Animals were fasted overnight prior to
beginning the GSIS assay. After overnight fast blood was collected by a facial puncture,
immediately followed by intraperitoneal injection of 1 mg/kg glucose. After 30 minutes blood was
again collected by facial puncture. Blood was spun down and serum isolated and frozen at -20
degrees Celsius until analysis by Insulin ELISA.
RNA Seq Expression profiling of SC-β Cells
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After RNA collection via TriZol extraction, RNA samples were analyzed using the Agilent
Bioanalyzer RNA Pico kit to determine concentration and RNA Integrity Number score. After
analysis libraries were prepared by the biopolymer facility at Harvard Medical School and
sequenced using the Illumina NextSeq platform. Resulting sequencing files were analyzed using
the Trinity pipeline utilizing RSEM and aligned to the human HG19 reference genome.
Live Cell Protein Cross-linking
Live cells were crosslinked using the cell-permeable DSS compound from Thermo Fisher. Cells
were incubated in PBS with 5mM DSS compound for 30 minutes. The reaction was quenched
by addition of 1M Tris-HCl. Clusters were spun down and quenched using RIPA. Protein
concentration was determined as described for western blots above and bands for monomer
and multimers were cut apart in the membrane and developed separately for improved clarity.
GAPDH Activity Assays
GAPDH activity was determined using the Abcam GAPDH activity assay kit. Lysates were
collected as instructed and quantified while lysates remained on ice. After quantification the
same amount of protein was loaded into 4 replicates with a single background replicate for
control. Absorbance was measured at 450 and 605 nm on kinetic mode for 30 minutes every
120 seconds. After data collection, timepoints with linear curves were selected to quantify and
compare GAPDH activity across all samples as described.
MEGENA Co-expression Network Analysis
All coexpression network analysis and bioinformatic analysis was performed by Maria
Ryoboshapkina using computing resources at AstraZeneca.
Gene Targeting in pluripotent Stem Cells
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Gene targeting was performed in pluripotent stem cells after dissociation in TrypLE trypsin and
washing in PBS. Electroporations were carried out according to manufacturer instructions for
the Invitrogen Neon instrument. 11 Million live cells were resuspended in 440 µL of R buffer
containing 24 µg of plasmid DNA containing a 1:4 molar ratio of vector to guide RNA.
Homologous Recombination Construct Design
Homologous recombination constructs were generously provided by JRF and modified to
contain 5’ and 3’ homology regions determined by the UCSC genome browser. After design
homology arms were generated by IDT and cloned into the vector using restriction cloning. After
modification plasmids were sequenced. Guide RNA design and CRISPR vectors were used as
described previously using the px330 cloning system.
Validation of Targeted Clones
Genomic DNA from clones was isolated using the Qiagen DNA-Easy kit and tested using PCR
targeted to the transgene with a forward primer lying upstream of the 5’ homology region or
inside of the 3’ homology arm with reverse primers lying inside of the 5’ homology region or
outside of the 3’ homology region, respectively. Clones containing expected band sizes were
then differentiated and sorted for their expected fluorescence profiles. After sorting RNA was
collected and Real Time RT-PCR was used to confirm enrichment of transcripts corresponding
to knock-in reporter lines.
Real Time RT-PCR Analysis
Real Time RT-PCR was performed using the Reverse Transcriptase cDNA supermix system.
cDNA was then diluted and used with Taqman designed primers. Real Time reactions were
performed using the ABI7500 thermal cycler. Determination of fold-change in transcript values
was performed using the ddCt method using UBC as a housekeeping gene.
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Co-culture of SC-β Cells with HUVECs
Co-culture of SC-β cells with HUVECs was done maintaining a 5,000 SC-β cell count in each
well and adding HUVECs from a dilution range of 1:4 to 1:1. Cells were allowed to reaggregate
in normal S3 medium supplemented with Rho Kinase inhibitor for the first 24 hours. GSIS on
these clusters was performed as described above. Endothelial cells were cultured by Edwin
Rosado-Olivieri
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