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METHODS OF USE OF ISLET CELLS

FIELD OF THE INVENTION
The present invention relates to the field of culturing cells, and in particular, culturing
islet cells together with other cell types in a fluidic device, including but not limited to a

microfluidic device or chip.

BACKGROUND

Type 2 diabetes (T2D) is a clinical syndrome caused by insufficient insulin secretion
for insulin requirements. This can be due to a marked B-cell defect with moderate insulin
resistance (B-T2D) or marked insulin resistance with a modest B-cell defect (IR-T2D). B-T2D
are typically lean requiring early B-cell directed therapy, while IR-T2D are typically obese
requiring early muscle insulin sensitizer therapy. Because of inaccessibility to relevant human
organs, drug discovery and mechanistic studies of B-cell dysfunction and insulin resistance in
T2D have relied largely on rodent models such as those with defective leptin signaling. These
models have been poorly predictive of disease mechanisms or drug efficacy in humans,
contributing to the high cost of drug development. Moreover, inbred rodent models fail to
reproduce the wide range of relative defects in insulin secretion and insulin sensitivity in
humans with T2D that predictably require different therapeutic approaches targeted
predominantly to P-cell preservation and function versus insulin action. Therefore,
development of human Organ-chip models representative of the range of T2D types would
overcome a major obstacle in evaluating disease mechanisms and provide a more relevant drug

screening tool. There is a great need in the art for such models.

SUMMARY OF THE INVENTION

Described herein is a method of generating pancreatic progenitor cells, including
ulturing induced pluripotent stem cells (iPSCs) in the presence of Activin A and CHIR99021
for about 3 days to generate definitive endoderm, culturing definitive endoderm in the presence
of FGF10, Noggin, and CHIR 99021 for about 2 days to generate gut tube endothelium,
culturing gut tube endothelium in the presence of FGF10, Noggin, Santl and retinoic acid for
about 4 days to generate pancreatic progenitor cells. In other embodiments, the pancreatic
progenitor cells express PDX1+, NKX6.1+, or both. In other embodiments, the method
includes culturing pancreatic progenitor cells in the presence of EGF, nicotinamide, and

Noggin for about 4 days to generate endocrine progenitor cells. In other embodiments, the
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method includes culturing endocrine progenitor cells in the presence of T3, Alk5i, and Noggin
for about 7 days to generate immature endocrine cells. In other embodiments, the immature
endocrine cells express one or more of: C-peptide, glucagon and NKX6.1. In other
embodiments, the method includes culturing immature endocrine cells in the presence of T3,
Alk51, R428 and NAC for about 7 days to generate mature endocrine cells. In other
embodiments, the mature endocrine cells express one or more of: C-peptide, glucagon and
MafA. In various embodiments, the immature endocrine cells are islet cells. In various
embodiments, the islet cells are beta islet cells. In other embodiments, the islet cells are capable
of producing insulin. In other embodiments, the islet cells secrete insulin C-peptide. In other
embodiments, the islet cells are glucose responsive. In other embodiments, the iPSCs derived

from a diabetic subject.

Described herein is a quantity of pancreatic progenitor cells made by a method
including ulturing induced pluripotent stem cells (iPSCs) in the presence of Activin A and
CHIR99021 for about 3 days to generate definitive endoderm, culturing definitive endoderm
in the presence of FGF10, Noggin, and CHIR 99021 for about 2 days to generate gut tube
endothelium, culturing gut tube endothelium in the presence of FGF10, Noggin, Santl and
retinoic acid for about 4 days to generate pancreatic progenitor cells. In other embodiments,

the pancreatic progenitor cells express PDX1+, NKX6.1+, or both.

Described herein is a quantity of endocrine progenitor cells made by a method including
ulturing induced pluripotent stem cells (iPSCs) in the presence of Activin A and CHIR99021
for about 3 days to generate definitive endoderm, culturing definitive endoderm in the presence
of FGF10, Noggin, and CHIR 99021 for about 2 days to generate gut tube endothelium,
culturing gut tube endothelium in the presence of FGF10, Noggin, Santl and retinoic acid for
about 4 days to generate pancreatic progenitor cells. In other embodiments, the pancreatic
progenitor cells express PDX1+, NKX6.1+, or both. In other embodiments, the method
includes culturing pancreatic progenitor cells in the presence of EGF, nicotinamide, and

Noggin for about 4 days to generate endocrine progenitor cells.

Described herein is a quantity of immature endocrine cells made by a method including
ulturing induced pluripotent stem cells (iPSCs) in the presence of Activin A and CHIR99021
for about 3 days to generate definitive endoderm, culturing definitive endoderm in the presence

of FGF10, Noggin, and CHIR 99021 for about 2 days to generate gut tube endothelium,
2
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culturing gut tube endothelium in the presence of FGF10, Noggin, Santl and retinoic acid for
about 4 days to generate pancreatic progenitor cells. In other embodiments, the pancreatic
progenitor cells express PDX1+, NKX6.1+, or both. In other embodiments, the method
includes culturing pancreatic progenitor cells in the presence of EGF, nicotinamide, and
Noggin for about 4 days to generate endocrine progenitor cells. In other embodiments, the
method includes culturing endocrine progenitor cells in the presence of T3, Alk5i, and Noggin
for about 7 days to generate immature endocrine cells. In other embodiments, the immature

endocrine cells express one or more of: C-peptide, glucagon and NKX6.1.

Described herein is a quantity of mature endocrine cells made by a method including
ulturing induced pluripotent stem cells (iPSCs) in the presence of Activin A and CHIR99021
for about 3 days to generate definitive endoderm, culturing definitive endoderm in the presence
of FGF10, Noggin, and CHIR 99021 for about 2 days to generate gut tube endothelium,
culturing gut tube endothelium in the presence of FGF10, Noggin, Santl and retinoic acid for
about 4 days to generate pancreatic progenitor cells. In other embodiments, the pancreatic
progenitor cells express PDX1+, NKX6.1+, or both. In other embodiments, the method
includes culturing pancreatic progenitor cells in the presence of EGF, nicotinamide, and
Noggin for about 4 days to generate endocrine progenitor cells. In other embodiments, the
method includes culturing endocrine progenitor cells in the presence of T3, Alk5i, and Noggin
for about 7 days to generate immature endocrine cells. In other embodiments, the immature
endocrine cells express one or more of: C-peptide, glucagon and NKX6.1. In other
embodiments, the method includes culturing immature endocrine cells in the presence of T3,
Alk51, R428 and NAC for about 7 days to generate mature endocrine cells. In other
embodiments, the mature endocrine cells express one or more of: C-peptide, glucagon and
MafA. In other embodiments, the immature endocrine cells are islet cells. In other
embodiments, the mature endocrine cells are islet cells. In other embodiments, the islet cells
are beta islet cells. In other embodiments, the islet cells are capable of producing insulin. In
other embodiments, the islet cells secrete insulin C-peptide. In other embodiments, the islet

cells are glucose responsive.

Described herein is a method of generating endothelial cells, including culturing
(iPSCs) in the presence of CHIR99012 for about 2 days to generate mesoderm, culturing
mesoderm in the presence of BMP4, VEGF, and FGF2 for about 2 days to generate vascular
progenitor cells, culturing vascular progenitors in the presence of EGM-MV2 and VEGF for
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about 4-6 days to generate endothelial progenitor cells, and culturing endothelial progenitor
cells in the presence of EGM-MV2 and VEGF to generate endothelial cells. In other
embodiments, the vascular progenitor cells express one or more of: CD31+, CD34+, VEGF+,
and VEGFA+ at day 20.

Also described herein is a quantity of endothelial cells made by a method of generating
endothelial cells, including culturing (iPSCs) in the presence of CHIR99012 for about 2 days
to generate mesoderm, culturing mesoderm in the presence of BMP4, VEGF, and FGF2 for
about 2 days to generate vascular progenitor cells, culturing vascular progenitors in the
presence of EGM-MV2 and VEGF for about 4-6 days to generate endothelial progenitor cells,
and culturing endothelial progenitor cells in the presence of EGM-MV2 and VEGF to generate
endothelial cells. In other embodiments, the vascular progenitor cells express one or more of:

CD31+, CD34+, VEGF+, and VEGFA+ at day 20.

Described herein is a method of culturing cells, including: a) providing 1) islet cells and
i1) a microfluidic device including one or more surfaces; b) seeding islet cells on said one or
more surfaces so as to create seeded cells; and c) exposing said seeded cells to a flow of culture
media for a period of time so as to create perfused cells. In various embodiments, the islet cells
are induced islet cells. In various embodiments, the islet cells are human cadaveric islet cells.
In various embodiments, the microfluidic device includes a channel including one or more
surfaces and said seeding of step b) results in seeding islet cells on at least one surface of said
channel. In various embodiments, the microfluidic device includes a membrane, said
membrane including a top surface and a bottom surface, and said seeding of step b) results in
seeding islet cells on the top or bottom surface of the membrane. In various embodiments, the
islet cells are seeded on said top surface of the membrane. In various embodiments, the method
further includes seeding a different type of cell on the bottom surface of the membrane. In
various embodiments, the endothelial cells are seeded on the bottom surface of the membrane.
In various embodiments, the endothelial cells are iPSC derived brain microvascular endothelial
cells iIBMECs). In various embodiments, the endothelial cells are human umbilical vein
endothelial cells (HUVECsS). In various embodiments, the skeletal muscle cells are seeded on
said bottom surface of the membrane. In various embodiments, the method includes the step
of stimulating said cells with glucose so as to create stimulated cells. In various embodiments,
the method includes the step of detecting insulin secretion by said stimulated cells. In various

embodiments, measuring insulin secretion by said stimulated cells, wherein the amount of
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insulin secretion is higher in the presence of said endothelial cells as compared to the absence
of said endothelial cells.

In various embodiments, the method includes measuring insulin secretion by said stimulated
cells, wherein the amount of insulin secretion is higher in the presence of said flow as compared

to the absence of said flow.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1. Experimental design.

Figure 2. Experimental design. All the conditions. Cells seeded, flow started five days
later First set of chips were fixed three days later for histology and imaging. Second set of co-
culture chips were fixed four days later for histology and imaging. Remaining chips are being
processed for GSIS assay.

Figure 3. Human cadaveric islets on chips: Panel showing cross-sectional view of islet
staining on microphysiological (MPS) chips seeded with (A) Human Islets (Hulslets) in apical
channel and iBMECs in basal channel, Red arrow indicates a C-peptide positive cell moving
through the 7um pore to make contact with the iBMECs in the basal channel, (B) Hulslets in
apical channel and HUVECs: in the basal channel and (C) Hulslets alone in the apical channel.
Nuclei are stained in blue with DAPI, C-peptide is shown in green and glucagon in red while
the endothelial cells are shown in white. Islets showed higher C-peptide levels and negligible
glucagon when co-seeded with iBMECs. However they showed higher levels of glucagon and
lower levels of C-peptide when co-seeded with HUVECs. Islets by themselves did not seem to
have enrichment of either of the populations specifically. Magnification 10x.

Figure 4. Organ-chip: islets were cultured on the apical side of the chip with or without
endothelial cells (HUVEC or iBMEC) on the basal side. Cells on chip were either (A) fixed
and stained for insulin and endothelial cells marker (CD31 for HUVEC and Glutl for iBMEC);
left panels: projection view of membrane from top, right panels: cross sectional view of chip,
or (B) subjected to glucose stimulated insulin secretion assay by passing through the chip
medium containing 4 mM glucose, 20 mM glucose, and then 20 mM KCl to reveal insulin
content. Co-culture with of islets with iBMEC resulted in an increase in C-peptide content and
glucose stimulated insulin secretion.

Figure 5. Cadaveric islets in apical channel and iBMECs in basal channel. Transverse
view confocal imaging 130 um in Z for 1 pm interval. Hoescht, c-peptide, glucagon, glut-1

and merge stain.
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Figure 6. Cadaveric islets in apical channel and iBMECs in basal channel. Top view.
Hoescht, c-peptide, glucagon, glut-1 (apical plane), merge, and glut-1 (basal) stain. Best focus
projection from top.

Figure 7. Cadaveric islets in apical channel and iBMECs in basal channel. Maximum
intensity projection. Hoescht, c-peptide, glucagon, glut-1 (apical plane) merge, and glut-1
(basal) stain. Best focus projection from top.

Figure 8. Cadaveric islets in apical channel and iBMECs in basal channel. Multipe
views including tranverse section, 3D projection view, best focus projection via, each including
Hoescht, c-peptide, glucagon, glut-1 stain. Best focus projection from top.

Figure 9. Cadaveric islets in apical channel and HUVECs in basal channel. As shown,
fewer c-peptide positive cells in HUVECs vs. iBMECs co-culture. Transverse view confocal
imaging 130 um in Z for 1 um interval. Hoescht, c-peptide, glucagon, CD31 and merge stain.

Figure 10. Cadaveric islets in apical channel and HUVECsS in basal channel. Top view.
Hoescht, c-peptide, glucagon, CD31 and merge stain. Best focus projection from top.

Figure 11. Cadaveric islets in apical channel and HUVECs in basal channel.
Maximum intensity projection. Hoescht, c-peptide, glucagon, CD31 and merge stain. Best
focus projection from top.

Figure 12. Cadaveric islets in apical channel and HUVECs in basal channel. Multiple
views including tranverse section, 3D projection view, best focus projection via, each including
Hoescht, c-peptide, glucagon, CD31 stain. Best focus projection from top.

Figure 13. Cadaveric islets in apical channel. As shown, fewer c-peptide positive cells
in HUVECs vs. iBMECs co-culture. Transverse view confocal imaging 130 um in Z for 1 pm
interval. Hoescht, c-peptide, glucagon, CD31 and merge stain.

Figure 14. Cadaveric islets in apical channel. Top view. Hoescht, c-peptide, glucagon,
CD31 and merge stain. Best focus projection from top.

Figure 15. Cadaveric islets in apical channel. Maximum intensity projection. Hoescht,
c-peptide, glucagon, CD31 and merge stain. Best focus projection from top.

Figure 16. Glucose-stimulated insulin secretion (GSIS) assays. Human insulin ELISA
showing measured secreted insulin levels in the various chips as indicated in the graph. Insulin
secretion was normalized. Control samples of HUVECs and iBMECs in basal channel, human
islets alone in top channel, co-culture of human islets HUVECs and iBMECs. In agreement
with the ICC, Hulslets co-seeded with iBMECs secreted higher levels of insulin compared to
Hulslets co-seeded with HUVECs or even the Hulslet only chips. Either of the endothelial cells

did not secrete detectable levels of insulin.
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Figure 17. The organ-chip System: (A)-(C) Chip Architecture and principle (A) Cross
section of chip showing seeding of different cell types in the two channels, (B) Chip dimensions
of each channel, (C) Image of the MPS chip highlighting the apical channel (red) and the basal
channel (purple). The chips include two microfluidics channels — an apical and a basal channel.
The apical channel is 1 mm tall and 1 mm wide, while the basal channel is 200 pm tall and 1
mm wide. These two channels are separated by a poly(dimethylsiloxane) (PDMS) membrane
which is 10 pm thick, patterned with 7 um pores. The apical channel, the membrane and the
basal channel are plasma bonded to form a complete chip. Each channel can be populated with
different cell types and culture medium can be flowed through both channels at desired flow
rates to look for cellular interactions between the two cell types. The apical channel can hold
28.041 pL of medium while the basal channel can hold 5.584 pL of medium.

Figure 18. (A) A front view image of the Zoe flow machine, (B) Top view image of a
chip (blue arrow) placed inside a pod, (C) Zoe showing a fully assembled system, with chips
in pods placed in a tray ready to begin media flow through the chips. Each Zoe contains two
trays which can accommodate up to 6 chips with pods each and hence come with a capacity of
12 chip-pods. A pod is the device which aids in connecting the chip to the Zoe. Upon insertion
of chips to the pods, the ports (inlet and outlet) of the chip align with the via ports in the pods
thereby completing a circuit. The inlet and outlet reservoirs contain the feeding medium and
the effluent medium respectively. When this Chip-pod unit is placed inside a Zoe, the medium
is able to flow through the channels at a desired flow rate.

Figure 19. Representative staining results of Hoescht, c-peptide, glucagon,
endothelium and merge stain of human islets/iBMECs, human islets’HUVECs, and human
islets only.

Figure 20. Plasma glucose (A) and C-peptide (reflects insulin secretion, (B)
concentrations in non-diabetic (Control) and T2D subjects before and after mixed meal reveals
defect in insulin secretion and sensitivity. (C) Solid line shows relationship between insulin
secretion and insulin sensitivity in non-diabetic controls by mixed meal. Red arrows point to
individual T2D patient with relative contribution of deficient insulin secretion (vertical arrow)
and insulin sensitivity (horizontal arrow) to diabetes.

Figure 21. (A) Schematic of differentiation iPSCs into pancreatic beta cells. (B) FACS
analysis performed at indicated stages of differentiation and an image of iPSC-derived islets at
the end stage of differentiation. (C) Image of a cross section of iPSC-derived islet

immnunostained for insulin. (D) Glucose stimulated insulin secretion (GSIS): Stage 6 iPSC-
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derived islets were periperfused with 4 mM glucose followed by 20 mM glucose and samples
were collected every minute; insulin was measured in perfusate by ELISA.

Figure 22. (A) Schematic of differentiation iPSCs into pancreatic beta cells. (B) FACS
analysis performed at indicated stages of differentiation and an image of iPSC-derived islets at
the end stage of differentiation. (C) Image of a cross section of iPSC-derived islet
immnunostained for insulin. (D) Glucose stimulated insulin secretion (GSIS): Stage 6 iPSC-
derived islets were exposed 4 mM glucose, 20 mM glucose, followed by 20 mM KCI to reveal
insulin content. Insulin was measured in supernatant by ELISA.

Figure 23. Feasibility of in-Chip Calcium Imaging: (A)-(B) iPSC-derived motor
neurons seeded on top channel of Organs-Chips. (C)-(J) Live time-lapse imaging of live i-
Motor neurons showing spontaneous Ca?* transients upon loading with calcium indicator fluo-
4. Images are pseudo-colored to show increase or decrease in intracellular Ca®"concentration
as seen by traces plotted in (K).

Figure 24. iPSC-motor neurons co-cultured with vascular endothelium on organ-chips
show signatures of vascular interaction and neuronal maturation (Stem Cell Reports. in press).
(A) Immunohistological staining of the i-MNs co-cultured with iBMECs. (B) GFP-labeled
neurons or iBMECs co-cultured on chips were harvested and sorted for mRNA-seq. Principle
component analysis plots of first two principle components (PC) (top) and PCs 2, and 3
(bottom). Arrows indicate weighting along the axis of each respective PC. Top 200 ranked
genes from each PC displayed as Z-score calculated across all conditions for each row and
indicated by colorimetric scale. Each PC analyzed by DAVID pathway analysis and top 7
categories listed for each PC. The number of genes (count) in each category are displayed with
corrected significance values from DAVID analysis.

Figure 25. iPSC-derived and primary Skeletal Muscle on chips: (A) Schematic of
iPSC-derived myoblasts and skeletal muscle differentiation. (B) and (C) Representative images
from the Inventors’ 25-day differentiation protocol for co-developing motor neurons
(TuJ1/plI-tubulin) and skeletal muscle (MHC and Myogenin) from hiPSCs. (D) Primary
human skeletal muscle and iPSC-derived motor neurons seeded on organ-chips showing
formation of innervated SkM with neuromuscular junctions as observed by co-localization of
bungarotoxin stained AChR clusters

Figure 26. SkM-on-Chip: (A) primary human skeletal muscle cells (hSkMC) were
cultured on basal side of chip with or without iPSC-derived motor neurons (iMNs) on apical
side; arrows point to the muscle fibers. (B) image of the spontaneously contracting myofiber

on chip. (C) muscle fibers contract when co-cultured with iMNs. (D) hSkMC and iMN form
8
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neuromuscular junctions as observed by colocalization of stains for bungarotoxin (a-BTX,
green), myosin heavy chain (MHC, blue) and neuronal BIII tubulin.

Figure 27. Stages of differentiation towards endocrine lineage.

Figure 28. Early stages of differentiation towards endocrine progenitors using
compound combinations.

Figure 29. Expression of DAPIL, PDX1, NKX6.1 in differentiated cells.

Figure 30. Later stages of endocrine differentiation using compound combinations.

Figure 31. Expression of DAPI, C-Peptide, Glucagon and NKX6.1 when testing
various compounds at day 23.

Figure 32. Measurement of DAPI, C-Peptide, Glucagon and NKX6.1 expression across
tested compound combinations.

Figure 33. Glucose stimulated insulin secretion insulin response across tested
compound combinations.

Figure 34. Late stage endocrine differentiation and maturation.

Figure 35. Expression of DAPI, C-Peptide, Glucagon and MafA when testing various
compounds at day 28.

Figure 36. Measurement of Glucose stimulated insulin secretion insulin response
across tested compound combinations.

Figure 37. Stages of iPSC-derived endothelial cells differentiation.

Figure 38. Phases of iPSC-derived endothelial cells differentiation using compound
combinations.

Figure 39. Brightfield images (10 days of differentiation) at 4x and 10x.

Figure 40. Images of 10 days differentiation. DAPI and ICC for CD31 (10 days of
differentiation).

Figure 41. Brightfield images (20 days of differentiation) at 4x and 10x.

Figure 42. Images of 20 days differentiation. DAPI and ICC for CD31 (20 days of
differentiation).

Figure 43. Images of 20 days differentiation. DAPI and ICC for CD34 (20 days of
differentiation).

Figure 44. Images of 20 days differentiation. DAPI and ICC for VEGFR2 (20 days of
differentiation).

Figure 45. Images of 20 days differentiation. DAPI and ICC for VEGFAR (20 days of

differentiation).
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Figure 46. Co-culture of i-Islets with i-Endo cells in transwell plates. Introduce i-Endo
cells during Pancreatic Progenitors and maturation of i-Islets phases.

Figure 47. Expression of DAPI, C-Peptide, PDX1 and NKX6.1 in co-culture of islet
cells with HUVEC: at different seeding densities.

Figure 48. Expression of DAPI and CD31 in co-culture of islet cells with HUVECs at
different seeding densities.

Figure 49. HUVECs on PET inserts. i-Islets on bottom (SLiP media). HUVECs
introduced on Stage 6 of i-Islets differentiation (maturation of islets).

Figure 50. Expression of DAPI, Glucagon, C-Peptide, PDX1 and NKX6.1 in islet only
culture.

Figure 51. Expression of DAPI, Glucagon, C-Peptide, PDX1 and NKX6.1 in islet and
HUVEC co-culture.

Figure 52. Expression of DAPI and CD31 in islet and HUVEC co-culture.

Figure 53. Expression of DAPI, Glucagon, C-Peptide, PDX1 and NKX6.1 in islet and
HUVEC co-culture.

Figure 54. Expression of DAPI and CD31 in islet and HUVEC co-culture.

DEFINITIONS

All references cited herein are incorporated by reference in their entirety as though fully
set forth. Unless defined otherwise, technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. Singleton et al., Dictionary of Microbiology and Molecular Biology 3 ed., Revised,
J. Wiley & Sons (New York, NY 2006); and Sambrook and Russel, Molecular Cloning: A
Laboratory Manual 4" ed., Cold Spring Harbor Laboratory Press (Cold Spring Harbor, NY
2012), provide one skilled in the art with a general guide to many of the terms used in the
present application.

One skilled in the art will recognize many methods and materials similar or equivalent
to those described herein, which could be used in the practice of the present invention. Indeed,
the present invention is in no way limited to the methods and materials described.

Some abbreviations are used herein.

The term “microfluidic” as used herein relates to components where moving fluid is
constrained in or directed through one or more channels wherein one or more dimensions are
10 mm or smaller (microscale). Microfluidic channels may be larger than microscale in one or

more directions, though the channel(s) may be on the microscale in at least one direction. In
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some instances the geometry of a microfluidic channel may be configured to control the fluid
flow rate through the channel. Microfluidic channels can be formed of various geometries to
facilitate a wide range of flow rates through the channels. However, it is important to note that
while the present disclosure makes frequent reference to “microfluidic” devices, much of what
is taught applies similarly or equally to larger fluidic devices. Larger devices may be especially
relevant if the organ-chip is intended for therapeutic application. Examples of applications that
may make advantage of larger fluidic devices include the use of the device for the generation
of highly differentiated cells (e.g. the device can used to drive cell differentiation and/or
maturation, whereupon the cells are extracted for downstream use, which may include
implantation, use in an extracorporeal device, or research use), or use of the device for
implantation or extracorporeal use, for example, islet on chip, endothelial vascular cell on chip,
skeletal muscle chip, or combination of the aforementioned cells (e.g., islet-vascular cells in
channels on the chip, islet-muscle cells in channels on the chip). Unlike conventional static
cultures, the present invention contemplates microfluidic devices where the cells are exposed
to a constant flow of media providing nutrients and removing waste.

2%

As used herein, the phrases “connected to,” “coupled to,” and “in communication with”
refer to any form of interaction between two or more entities, including mechanical, electrical,
magnetic, electromagnetic, fluidic, and thermal interaction. For example, in one embodiment,
first and second channels in a microfluidic device are in fluidic communication with a fluid
reservoir. Two components may be coupled to each other even though they are not in direct
contact with each other. For example, two components may be coupled to each other through

an intermediate component (e.g. tubing or other conduit).

DETAILED DESCRIPTION

T2D is a common clinical syndrome defined by hyperglycemia due to insufficient
insulin secretion in the setting of relative insulin resistance. Insulin sensitivity varies widely in
non-diabetic individuals with accumulation of mesenteric fat being a major determinant of
insulin resistance in skeletal muscle, fat and the liver. Hypotheses that link obesity with insulin
resistance include cytokines released from activated macrophages, altered alterations in lipid
composition and, with aging, decreased density of motor neuron innervation. Hypotheses that
link obesity with insulin resistance include cytokines released from activated macrophages,
altered lipid composition and, with aging, decreased density of motor neuron innervation.
Hypotheses that link B-cell dysfunction in T2D include protein misfolding, glucolipotoxicity,

dedifferentiation and immune cell released cytokines. In health, variance in insulin sensitivity
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is offset by adaptive changes in glucose stimulated insulin secretion, both of which can be
evaluated under conditions of daily living by the mixed meal minimal model test. T2D may
occur because of a modest defect in insulin secretion in the context of marked insulin resistance
(IR-T2D) or a marked defect in insulin secretion in the setting of a modest defect in insulin
sensitivity (B-T2D) (Figure 1). Because of inaccessibility to relevant human organs, drug
discovery and mechanistic studies of B-cell dysfunction and insulin resistance in T2D have
relied largely on rodent models such as those with defective leptin signaling. These models
have been poorly predictive of disease mechanisms or drug efficacy in humans, contributing
to the high cost of drug development. Moreover, inbred rodent models fail to reproduce the
wide range of relative defects in insulin secretion and insulin sensitivity in humans with T2D
that predictably require different therapeutic approaches targeted predominantly to P-cell
preservation and function versus insulin action. Therefore, development of human Organ-chip
models representative of the range of T2D types would overcome a major obstacle in
evaluating disease mechanisms and provide a more relevant drug screening tool.

As such, described herein are compositions and methods for microphysiological MPS
models of disease (MODs) for -T2D and IR-T2D. These platforms allow one to compare the
effect of chronic B-cell stimulation (best characterized risk factor for B-cell failure in T2D) in
the presence and absence of patient specific immune cells in IPSC-derived islets from each
group. This approach will recapitulate protein misfolding and stress metabolic changes that are
the hall mark of B-cell dysfunction in T2D. If necessary to reproduce the T2D B-cell phenotype,
the islets-on-chips will also be exposed to gluco-lipotoxicity. Likewise, skeletal muscle-on-
chips will be exposed to patient specific activated immune cells, variable motor neuron
innervation and lipids characteristic of T2D.

Using the systems, the Inventors have uncovered cross talk between islets and vascular
endothelium. That is to say, the presence of vascular endothelial cells in the microfluidic device
improves the islet cell functionality, as measured by (for example) insulin secretion. The
Inventors have selected skeletal muscle as the second organ-chip since iPSC-derived skeletal
muscle is better developed than liver or fat, and the Inventors have considerable experience

with this tissue.

Described herein is a method of generating pancreatic progenitor cells, including
ulturing induced pluripotent stem cells (iPSCs) in the presence of Activin A and CHIR99021
for about 3 days to generate definitive endoderm, culturing definitive endoderm in the presence

of FGF10, Noggin, and CHIR 99021 for about 2 days to generate gut tube endothelium,
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culturing gut tube endothelium in the presence of FGF10, Noggin, Santl and retinoic acid for
about 4 days to generate pancreatic progenitor cells. In other embodiments, the definitive
endoderm express one or more of CXCR, SOX17, or both. In other embodiments, the
pancreatic progenitor cells express PDX1+, NKX6.1+, or both. In other embodiments, the
method includes culturing pancreatic progenitor cells in the presence of EGF, nicotinamide,
and Noggin for about 4 days to generate endocrine progenitor cells. In other embodiments, the
method includes culturing endocrine progenitor cells in the presence of T3, Alk5i, and Noggin
for about 7 days to generate immature endocrine cells. In other embodiments, the immature
endocrine cells express one or more of: C-peptide, glucagon and NKX6.1. In other
embodiments, the method includes culturing immature endocrine cells in the presence of T3,
Alk51, R428 and NAC for about 7 days to generate mature endocrine cells. In other
embodiments, the mature endocrine cells express one or more of: C-peptide, glucagon and
MafA. In various embodiments, the immature endocrine cells are islet cells. In various
embodiments, the islet cells are beta islet cells. In other embodiments, the islet cells are capable
of producing insulin. In other embodiments, the islet cells secrete insulin C-peptide. In other
embodiments, the islet cells are glucose responsive. In other embodiments, the islet cells
express one or more of: proinsulin, insulin, glucagon, somatostatin and PDX-1, and Nkx6.1. In
other embodiments, the cell capable of producing insulin expresses one or more markers
selected from the group including proinsulin, insulin, glucagon, somatostatin and PDX-1, and
Nkx6.1. In other embodiments, the iPSCs derived from a diabetic subject. In various
embodiments, small molecules such as CHIR990021, R428, etc. are added at a concentration
of about 0.05-0.1 uM, 0.1-1 pM, 1-5 pM, 5-10 pM, 10-25 pM, 25-50 uM, 50-100 uM or 100
uM or more. In various embodiments, growth factors such as Activin A, FGF 10, EGF, etc.
are added at a concentration of about 0.05-0.1 ng/ml, 0.1-1 ng/ml, 1-5 ng/ml, 5-10 ng/ml, 10-
25 ng/ml, 25-50 ng/ml, 50-100 ng/ml, 100-250 ng/ml or 250 ng/ml or more.

Described herein is a quantity of pancreatic progenitor cells made by a method
including ulturing induced pluripotent stem cells (iPSCs) in the presence of Activin A and
CHIR99021 for about 3 days to generate definitive endoderm, culturing definitive endoderm
in the presence of FGF10, Noggin, and CHIR 99021 for about 2 days to generate gut tube
endothelium, culturing gut tube endothelium in the presence of FGF10, Noggin, Santl and
retinoic acid for about 4 days to generate pancreatic progenitor cells. In other embodiments,

the pancreatic progenitor cells express PDX1+, NKX6.1+, or both.
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Described herein is a quantity of endocrine progenitor cells made by a method including
ulturing induced pluripotent stem cells (iPSCs) in the presence of Activin A and CHIR99021
for about 3 days to generate definitive endoderm, culturing definitive endoderm in the presence
of FGF10, Noggin, and CHIR 99021 for about 2 days to generate gut tube endothelium,
culturing gut tube endothelium in the presence of FGF10, Noggin, Santl and retinoic acid for
about 4 days to generate pancreatic progenitor cells. In other embodiments, the pancreatic
progenitor cells express PDX1+, NKX6.1+, or both. In other embodiments, the method
includes culturing pancreatic progenitor cells in the presence of EGF, nicotinamide, and

Noggin for about 4 days to generate endocrine progenitor cells.

Described herein is a quantity of immature endocrine cells made by a method including
ulturing induced pluripotent stem cells (iPSCs) in the presence of Activin A and CHIR99021
for about 3 days to generate definitive endoderm, culturing definitive endoderm in the presence
of FGF10, Noggin, and CHIR 99021 for about 2 days to generate gut tube endothelium,
culturing gut tube endothelium in the presence of FGF10, Noggin, Santl and retinoic acid for
about 4 days to generate pancreatic progenitor cells. In other embodiments, the pancreatic
progenitor cells express PDX1+, NKX6.1+, or both. In other embodiments, the method
includes culturing pancreatic progenitor cells in the presence of EGF, nicotinamide, and
Noggin for about 4 days to generate endocrine progenitor cells. In other embodiments, the
method includes culturing endocrine progenitor cells in the presence of T3, Alk5i, and Noggin
for about 7 days to generate immature endocrine cells. In other embodiments, the immature

endocrine cells express one or more of: C-peptide, glucagon and NKX6.1.

Described herein is a quantity of mature endocrine cells made by a method including
ulturing induced pluripotent stem cells (iPSCs) in the presence of Activin A and CHIR99021
for about 3 days to generate definitive endoderm, culturing definitive endoderm in the presence
of FGF10, Noggin, and CHIR 99021 for about 2 days to generate gut tube endothelium,
culturing gut tube endothelium in the presence of FGF10, Noggin, Santl and retinoic acid for
about 4 days to generate pancreatic progenitor cells. In other embodiments, the pancreatic
progenitor cells express PDX1+, NKX6.1+, or both. In other embodiments, the method
includes culturing pancreatic progenitor cells in the presence of EGF, nicotinamide, and
Noggin for about 4 days to generate endocrine progenitor cells. In other embodiments, the
method includes culturing endocrine progenitor cells in the presence of T3, Alk5i, and Noggin

for about 7 days to generate immature endocrine cells. In other embodiments, the immature
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endocrine cells express one or more of: C-peptide, glucagon and NKX6.1. In other
embodiments, the method includes culturing immature endocrine cells in the presence of T3,
Alk51, R428 and NAC for about 7 days to generate mature endocrine cells. In other
embodiments, the mature endocrine cells express one or more of: C-peptide, glucagon and
MafA. In other embodiments, the immature endocrine cells are islet cells. In other
embodiments, the mature endocrine cells are islet cells. In other embodiments, the islet cells
are beta islet cells. In other embodiments, the islet cells are capable of producing insulin. In
other embodiments, the islet cells secrete insulin C-peptide. In other embodiments, the islet

cells are glucose responsive.

Described herein is a method of generating endothelial cells, including culturing
(iPSCs) in the presence of CHIR99012 for about 2 days to generate mesoderm, culturing
mesoderm in the presence of BMP4, VEGF, and FGF2 for about 2 days to generate vascular
progenitor cells, culturing vascular progenitors in the presence of EGM-MV2 and VEGF for
about 4-6 days to generate endothelial progenitor cells, and culturing endothelial progenitor
cells in the presence of EGM-MV2 and VEGF to generate endothelial cells. In various
embodiments, the vascular progenitors are cultured in the presence of EGM-MV3 and VEGF,
and passages 2, 3, 4 or more times to generate endothelial cells. In other embodiments, the
vascular progenitor cells express one or more of: CD31+, CD34+, VEGF+, and VEGFA+ at
day 20.

Also described herein is a quantity of endothelial cells made by a method of generating
endothelial cells, including culturing (iPSCs) in the presence of CHIR99012 for about 2 days
to generate mesoderm, culturing mesoderm in the presence of BMP4, VEGF, and FGF2 for
about 2 days to generate vascular progenitor cells, culturing vascular progenitors in the
presence of EGM-MV2 and VEGF for about 4-6 days to generate endothelial progenitor cells,
and culturing endothelial progenitor cells in the presence of EGM-MV2 and VEGF to generate
endothelial cells. In other embodiments, the vascular progenitor cells express one or more of:

CD31+, CD34+, VEGF+, and VEGFA+ at day 20.

Described herein is a method of co-culturing islet cells with endothelial cells. In various
embodiments, the method includes a) providing 1) islet cells and endothelial cells, and ii) a
microfluidic device including a membrane, said membrane including first and second surfaces;

b) seeding islet cells on said first surface of said membrane so as to create seeded islet cells; c)
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seeding endothelial cells on said second surface of said membrane so as to create seeded
endothelial cells; and d) exposing said seeded cells to a flow of culture media for a period of
time so as to create perfused cells. In various embodiments, the method includes the step of )
culturing said perfused cells. In various embodiments, steps b) and c¢) are performed in any
order or together. In various embodiments, step c) is performed before step b). In various
embodiments, culturing of said perfused cells under conditions of flow results in increased islet
cell functionality. In various embodiments, the islet cells are induced islet cells. In various
embodiments, the islet cells are human cadaveric islet cells. In various embodiments, the islet
cells are beta islet cells. In various embodiments, the method includes the step of stimulating
said perfused cells with glucose so as to create stimulated cells. In various embodiments, the
method includes the step of detecting insulin secretion by said stimulated cells. In various
embodiments, the method includes measuring insulin secretion by said stimulated cells,
wherein the amount of insulin secretion is higher in the presence of said endothelial cells as
compared to the absence of said endothelial cells. In various embodiments, measuring insulin
secretion by said stimulated cells, wherein the amount of insulin secretion is higher in the
presence of said flow as compared to the absence of said flow. In various embodiments, the
islet cells are derived from a subject with a disorder or disease. In various embodiments, the
islet cells are derived from a diabetic subject. In various embodiments, the diabetic subject is a
neonate. In various embodiments, culturing results in a more mature islet cell phenotype.

Described herein are methods and compositions for culturing cells in a fluidic device.
In various embodiments, the cells are islet cells (i.e., islet-on-chip). In various embodiments,
the cells are endothelial cells such as brain microvascular endothelial cells (BMECs-on-chip).
In various embodiments, the cells are muscle cells (i.e.,, muscle cells-on-chip). Further
information is on organ chip is found in Sances, et al. Human iPSC-derived endothelial cells
and microengineered Organ-Chip enhance neuronal development. Stem Cell Reports In press,
(2018), which is incorporated by reference herein.

In one embodiment, the present invention contemplates a islet-on-chip where at least
one population of cells is derived from a patient diagnosed with a metabolic disorder, including
diabetes and insulin resistance. In one embodiment, the islet cells are cells obtained from a
subject diagnosed with diabetes. In various embodiments, diabetes includes lean and obese
diabetic subjects. In one embodiment, the present invention contemplates generating induced
pluripotent stem cells (iPSCs). In various embodiments, the iPSCs are differentiated into islet

cells. In one embodiment, the iPSCs are from subjects with diabetes and differentiating them
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into islet cells. In various embodiments, the iPSCs are differentiated into muscle cells. In
various embodiments, the iPSCs are differentiated into endothelial cells, such as iBMECs.

It is contemplated that iPSC technology can be used together with microfluidic chips to
mimic patient-specific phenotypes in disease states. Thus, in one embodiment, iPSCs derived
islet cells such as beta cells, are derived from a patient diagnosed with or at risk for a disease.
In one embodiment, the patient has a metabolic disease such as diabetes. In one embodiment,
the patient has a mutation. This includes for example, mutant KCNJ/ /. Further information
on iPSC reprogramming is found in Barrett, R. et al. Reliable Generation of Induced Pluripotent
Stem Cells From Human Lymphoblastoid Cell Lines. Stem Cells Transl. Med. (2014), which
is incorporated by reference herein.

In various embodiments, is a method of differentiating a human pluripotent stem cell
into an endodermal linage cell, including for example, a cell capable of producing insulin, such
as beta cells. The method includes providing a quantity of human iPSCs, culturing the pSCs
in the presence of at least one differentiation agent, optionally including at least one
extracellular matrix (ECM) component, wherein the at least one differentiation agent is capable
of producing insulin. In another embodiment, the at least one first differentiation agent
includes activin A and wingless-related MMTYV integration site 3A (WNT3A). In another
embodiment, the method includes culturing the pSCs in the presence of at least one second
differentiation agent, such as all-trans retinoic acid (RA) and keratinocyte growth factor (KGF).
In another embodiment, further culturing of the pSCs is in the presence of at least one third
differentiation agent, and optionally at least one fourth differentiation agent. Examples of
additional differentiation agents include insulin growth factor, epidermal growth factor (EGF),
hepatocyte growth factor (HGF), insulin-like growth factor (IGF1), exendin-4 and
nicotinamide. In various embodiments, the differentiation agents include molecules capable
of modulating the BMP, WNT, and Activin —signaling pathways. This includes, for example,
BMP-2, and BMP-4. In other embodiments, the at least one differentiation agent is provided
an endothelial cell culture in fluidic communication with the differentiating and differentiated
iPSCs.

In another embodiment, the cell capable of producing insulin is a definitive endoderm
(DE) lineage cell. In another embodiment, the DE cell expresses CXCR, SOX17, or both. In
another embodiment, the cell capable of producing insulin expresses one or more markers
selected from the group including: proinsulin, insulin, glucagon, and somatostatin.  Other
markers include, for example, PDX-1, Ngn3, GLUT2, GKS, SURI, Nkx6.1 and Kir6.2. In

another embodiment, the cell capable of producing insulin is responsive to glucose. In another
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embodiment, the cell capable of producing insulin secretes C-peptide. In another embodiment,
the cell capable of producing insulin can be expanded in vitro. In another embodiment, the cell
capable of producing insulin is a beta-cell.

More specifically, the embodiments described herein show that functional islet-on-
chip, are responsive to when cultured with an additional cell, such as endothelial cells including
iBMECs. In various embodiments, this includes glucagon response, c-peptide expression, and
insulin secretion as examples.

In various embodiments, islet-on-chip, in one embodiment, includes islet cells, e.g.
patient iPSC-derived islets combined with a human skeletal muscle-on-chip. In various
embodiments, islet-on-chip, in one embodiment, includes a islet cells, e.g. patient iPSC-derived
islets combined with a endothelial cells-on-chip. For example, islet cells can be seeded into an
upper channel, with muscle cells or endothelial cells seeded into the lower channel of a 2-
channel microfluidic chip. Alternatively, in other embodiments, one can combine the 2 chips,
i.e. islet cells-on-chip and skeletal muscle cell-on-chip.

In various embodiments, the iPSC-derived cells, including two cell types in a single
chip or two cell types in multiple chips in fluidic communication, include combinations of both
cell types derived from a single subject, including a diseased subject, or one of the cell types
each derived from a disease and healthy subject.

Described herein is culturing islet cells together with other cell types in a fluidic device.
In one embodiment, the present invention contemplates a method of culturing cells, including:
a) providing a microfluidic device including a membrane, said membrane including a top
surface and a bottom surface; b) seeding induced islet cells on said top surface and skeletal
muscle cells on said bottom surface so as to create seeded cells; ¢) exposing said seeded cells
to a flow of culture media for a period of time; and d) culturing said seeded cells.

It is not intended that the present invention be limited to situations where both islet and
skeletal muscle cells are seeded together. In one embodiment, the present invention
contemplates a method of culturing cells, including: a) providing a microfluidic device
including a channel; b) seeding skeletal muscle cells into said channel; ¢) inducing said skeletal
muscle cells to differentiate; and d) detecting myo-fiber formation. Islet cells can be
(optionally) added before or after the muscle cells (or not at all).

The present invention also contemplates seeding on both patterned surfaces and/or gels.
In one embodiment, the present invention contemplates a method of culturing cells, including:
a) providing a microfluidic device including a patterned surface and a gel, b) seeding induced

motor neuron cells on said patterned surface and skeletal muscle cells on said gel. In one
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embodiment, said skeletal muscle cells and/or said islet cells are exposed to a flow of culture
media for a period of time.

For example, iPSC-derived islet cells are generated are seeded in the apical channel
(3x10° cells/uL; 28 pl resident, 8 ul dead volume) and iPSC-derived endothelial cells in the
basal channel (3x10* cells/uL; 5.5 pl resident, 10 pl dead volume) of plasma-activated
fibronectin/laminin coated PET and PDMS-based organ-chip devices. One-day post-cell
attachment, media flow is initiated and varied between a rate 150-100 uL/hour in the apical
channel and 30 pL/hour in basal channel. The cells can be analyzed via GSIS assay and/or
IHC. Insulin secretion are evaluated 2 days and then again 5 days after iPSC were seeded on
chips measuring glucose concentrations at 4 and 12 mM glucose. Glucose activation of B-cells
mean cellular Ca?" will also be evaluated in real time at 4 and 12 mM glucose by in-chip
calcium imaging using the fluo-4 and fura-2 AM indicator dye.

The present invention also contemplates microfluidic devices with cells. In one
embodiment, the present invention contemplates a microfluidic device including a) a
membrane, said membrane including a top surface and a bottom surface; and b) iPSC-derived
cells. Invarious embodiments, iPSC-derived islet cells such as beta cells are on said top surface
and skeletal muscle cells on said bottom surface. In one embodiment, said induced motor islet
cells are derived from induced pluripotent stem cells from a human. In one embodiment, said
human is diagnosed with a metabolic disease including diabetes. In various embodiments,
diabetes includes lean and obese diabetic subjects. In one embodiment, said membrane
includes covalently attached ECM protein(s).

The present invention also contemplates systems including microfluidic devices with
cells under flow conditions. In one embodiment, the present invention contemplates a system
including a microfluidic device, said microfluidic device including a) a membrane, said
membrane including a top surface and a bottom surface; and b) one cell type on said top surface
and a different cell type on said bottom surface, wherein either one of said cell types or both
are exposed to culture media at a flow rate. In various embodiments, this includes b) induced
islet cells such as beta cells on said top surface and skeletal muscle cells on said bottom surface,
In one embodiment, said islet cells are derived from induced pluripotent stem cells from a
human. In one embodiment, said human is diagnosed with a metabolic disease, including
diabetes. In one embodiment, said membrane includes covalently attached ECM protein(s). In
one embodiment, the membrane is in a channel, said channel is in fluidic communication with

a reservoir including culture media.
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Described herein is a method of compound screening using the aforementioned
microfluidic devices. For example, a system including a microfluidic device, said microfluidic
device including a) a membrane, said membrane including a top surface and a bottom surface;
and b) one cell type on said top surface and a different cell type on said bottom surface, wherein
either one of said cell types or both are exposed to culture media at a flow rate. Addition of a
compound of interest to culture media can alter one or more properties of one or more cell
types in the microfluidic device.

In various embodiments, this includes b) induced islet cells such as beta cells on said
top surface and skeletal muscle cells on said bottom surface, In one embodiment, said islet cells
are derived from induced pluripotent stem cells from a human. In one embodiment, said human
is diagnosed with a metabolic disease, including diabetes. In one embodiment, said membrane
includes covalently attached ECM protein(s). In one embodiment, the membrane is in a
channel, said channel is in fluidic communication with a reservoir including culture media.
For example, one can conduct dose response experiments for selection of 3 phenotype
reversing drug candidates.

Additionally, the compound of interest can be added to evaluate compounds of interest
added into endothelial side of channel, thereby identifying candidates capable of penetrating

the endothelial cell layer of the chips, and into islet and/or muscle cell compartment.

Further described herein is a quantity of iPSC cells derived from a subject with a
metabolic disease, such as diabetes. In various embodiments, the iPSC cells are reprogrammed
according the aforementioned methods, including those described in Sareen ef al. Further
described herein is a quantity of iPSC-derived cells, including differentiated cells such as
endoderm lineage cells, including definitive endoderm, pancreatic lineage, islet cells and beta
cells. Other differentiated cells include muscle and endothelial cells, such as skeletal muscle,

brain microvascular endothelial cells and vascular endothelial cells.

Further information is found in U.S. App. No. 15/458,185, 15/352,289, PCT App. No.
PCT App. No. PCT/US2017/49115, PCT App. No. PCT/US2017/49193, PCT App. No.
PCT/US2017/16079, PCT App. No. PCT/US2017/16098, PCT App. No. PCT/US2017/16079,
PCT App. No. PCT/US2017/16098, PCT App. No. PCT/US2017/016098, PCT App. No.
PCT/US2017/16079, PCT  App. No. PCT/US2018-022511, PCT App. No.
PCT/US2016/57724, and PCT App. No. PCT/US2017/49115, each of which is incorporated
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by reference herein.

EXAMPLES

Below are non-limiting examples.

Example 1
Patient recruitment and characterization

The Inventors have already established iPSCs from 7 non obese (BMI < 27 kg/m?)
patients with T2D who require insulin therapy (B-T2D) and have been characterized by the
mixed meal minimal model to measure both B-cell function and insulin sensitivity. Additional
studies can involve recruitment of 10 obese patients (BMI > 30 kg/m?) with T2D (auto-
antibodies negative) with fasting C-peptide greater than 3 ng/mL that despite insulin sensitizer
therapy require more than 1.5 units insulin/kg/day (IR-T2D). Age and BMI matched non
diabetic controls are utilized for both T2D groups. The Inventors will perform the mixed meal
minimal model test for IR-T2D and both control groups to measure insulin sensitivity and -
cell function and obtain blood for iPSC derivation from white blood cells as already
accomplished for the B-T2D group. Blood will also be obtained to generate iPSCs from the 8
patients with well characterized monogenic neonatal diabetes due to KCN.J1 [ and IR mutations.
Additional blood samples will be obtained from the study volunteers on an as needed basis to

obtain circulating immune cells to apply to the organ-chips.

Example 2

iPSC derivation: Human iPSC lines from healthy controls and diabetic donors

The Inventors utilize non-integrating oriP/EBNA1-based episomal plasmid vectors to
generate integration-free iPSC lines from PBMCs'™. They do not suffer from the “footprint”
problem from exogenous reprogramming factor DNA experienced with other techniques and
have remarkable cytogenetic stability compared to other reprogramming approaches. The
Inventors” PBMC-based episomal reprogramming approach results < 5% of karyotypically
abnormal iPSC lines during early passage (< p10), and under < 2% upon repeat karyotyping at
higher passages (> p10).

All 1iPSC lines are characterized with rigorous certificate of analysis; iPSCs with typical
pluripotent stem cell morphology, high nuclear-to-cytoplasmic ratio, expression of
pluripotency markers, a normal karyotype, PluriTest assay, and no detectable exogenous

reprogramming factor expression of. This includes multiple PBMC-derived iPSC lines from
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healthy volunteers and diabetic patients some of which have already been fully-characterized.
All 1PSC lines are maintained on defined mTeSR / E8 media on either of human recombinant

L521 substrate or BD Matrigel™ Matrix.

Example 3
Organ-chips system

Organ-chips model human biology by reconstructing microenvironments more closely
resembling in vivo than conventional culture. For example, the Inventors have shown that
human iPSC-derived endothelial cells and micro engineered organ-chip enhance neuronal
development. Given that endothelium is a key component, results using a new diabetes organ-
chip program incorporating endothelial cells and demonstrate the influence vascular
endothelium on islet maturation and function.

The microfluidic channels are lined with living human cells. organ-chips are made from
transparent polymers. The organ-chips are designed to represent the smallest functional unit of
the corresponding organ. The chip’s fluid channels mimic blood flow while its transparency
allows study of organ function in real time. The chips include two channels — an apical and a
basal channel. The apical channel is 1 mm tall and 1 mm wide, while the basal channel is 200
um tall and 1 mm wide. These two channels are separated by a polymer membrane, composed
of polyethylene terephthalate (PET) or poly(dimethylsiloxane) (PDMS), that are 10 um thick
and patterned with 7 pm pores. The apical channel, the membrane and the basal channel are
plasma bonded to form a complete chip. Each channel can be populated with different cell
types to investigate cellular interactions. Medium can flow through both channels to deliver

drug screens or immune cells.

Example 4
Primary human islets and iPSC development of pancreatic islets
The Inventors procure primary human islets from brain dead organ donors through the
NIH human islets consortium. For i-Islets, the Inventors have established the Melton
differentiation protocol and successfully generated functional i-Islets based on cellular
composition, glucose induced insulin secretion by periperfusion and after transplant into mice.
Briefly, suspension-adapted T2D patient and control iPSCs (Oct4 >90%) will be directed to
definitive endoderm using a high concentration Activin A (100 ng/mL) alongside GSK3-f3
inhibitor, CHIR99021. Next, KGF (FGF7) is added over 3 days to induce foregut formation

and Pdx1 expression. To direct the clusters towards pancreatic endocrine progenitors, the
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suspension clusters will be cultured in KGF, LDN193189 (BMP signaling inhibitor, retinoic
acid (caudalizing agent), SANT1 (Shh signaling inhibitor), PDBU (activator of protein kinase
C). In the next stage, Activin A is added back to the cocktail. The final stages (Stage 4-6) of
differentiation include B-cellulin (member of the EGFR family), y-secretase inhibitor (XXI),
ALKS inhibitor (Alk51) and thyroid hormone T3. At the end of Stage 5 of differentiation the
floating clusters are dissociate and reaggregated to enrich for chromogranin A (CHGA)",
Nkx6.1+, C-peptide” i-Islet clusters. Floating clusters from reaggregated i-Islets will be
harvested and seeded in organ-chips. The cell health status of all clusters will be determined
by counting viable cells upon dissociation and LDH assay. All stage-specific markers will be

quantified by flow cytometry.

Example 5
i-Islets and primary human islets on chip

The vascular circulatory system is a fundamental architecture that supplies oxygen and
nutrients to all cells and helps in maintaining homeostasis of various tissues and organs. The
Inventors seeded partially dissociated non-diabetic human islets on the apical channel and
endothelial cells from two sources (iPSC derived brain microvascular endothelial cells
(iBMECs) or human umbilical vein endothelial cells (HUVECs)) on the basal channel of
microfluidic chips. Endothelial cells were seeded 10-24 hours prior to the seeding of the islets.
Media flow was initiated on day 5 post islet seeding and chips were maintained under flow for
48 hours and before fixing for immunocytochemistry or glucose stimulated insulin secretion
(GSIS) on the chip.

All channels with human islets-on-chip showed at least ~7-fold increase in insulin
secretion in response to an increment of glucose 20 mM underscoring the highly functional
state of human islets cultured in this organ-chips MPS with flow compared to islets in
conventional static culture that typically achieve ~1.5 fold increases in insulin secretion.
Moreover, the importance of vascular endothelium on beta B-cell function and survival, islets
seeded with iIBMECs were more than twice as responsive to glucose as those without vascular
endothelium, consistent with the higher percentage survival of B-cells detected in the presence
of vascular (iIBMECs) than non-vascular endothelium (HUVECS).

Moreover, in a study with i-Islets the Inventors observed a ~200 fold increase in insulin
secretion when they were seeded with vascular endothelium. Taken together, these pilot studies
(1) reveal that primary B-cells are more functional on the chip than in than in conventional

culture, (2) that vascular endothelium on chip enhances primary B-cell function and survival,
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(3) that i-Islets-on-chip with vascular endothelium have markedly enhanced B-cell function,
likely due to accelerated maturation, previously observed with neurons. The aforementioned
results demonstrate that an islet-on-chip MPS that generates findings of immediate relevance

in developing therapeutics for diabetes.

Example 6
Statistical rigor and Experimental Design
At least n=10 independent experiments (n=12 chips/ experiment) are performed for any
given experimental design. In each experiment, the Inventors use key positive and negative
controls for clearly interpreting the data and deriving conclusions. Using the statistical software
(GraphPad Prism) and biostatistics core available at Cedars-Sinai the Inventors will perform
appropriate power calculations using one-way ANOVA, two-way ANOVA, or two-tailed t-test
analysis with ample biological/technical replicates as stated in the Research Design section of

each aim.

Example 7
Functional iPSC derived islets on the organ-chip device that detects f-cell dysfunction in the
presence of a known KCNJ11 genetic mutation as a positive control

i-Islets in contact with vascular endothelium in the opposite chamber of a chip have
increased maturity (proportion of B-cells that express allowed and not disallowed metabolic
genes, mitochondrial density) and function (glucose mediated insulin secretion). In addition,
it is suggested that exposure of vascular endothelium to islets on a chip confers specificity in
vascular endothelium signaling that in turn benefits B-cell survival and functional development.
Finally, i-Islets from patients with neonatal diabetes due to mutations in the KCNJ// gene do
not secrete insulin in a glucose responsive manner unless a sulfonylurea is present or following
gene-correction of mutant KCNJ/ [ with functional KCN.J11 by CRISPR technology.

To evaluate the above, i-Islets are generated as described, and after confirmation of
passing differentiation criteria will be seeded in the apical channel (3x10% cells/uL; 28 pl
resident, 8 pl dead volume) and iPSC-derived endothelial cells in the basal channel (3x10*
cells/uL; 5.5 pl resident, 10 pl dead volume) of plasma-activated fibronectin/laminin coated
PET and PDMS-based organ-chip devices. One-day post-cell attachment, media flow is
initiated and varied between a rate 150-100 pL/hour in the apical channel and 30 puL/hour in
basal channel. The stability of the cells on the chips are assessed for up to 30 days. Per

experiment 12 chips can be run on the Zoé; 6 chips per group are allocated for GSIS assay and
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6 chips for IHC. Insulin secretion are evaluated 2 days and then again 5 days after iPSC were
seeded on chips measuring glucose concentrations at 4 and 12 mM glucose. As a direct measure
of glucose activation of B-cells mean cellular Ca?* will also be evaluated in real time at 4 and
12 mM glucose by in-Chip calcium imaging using the fluo-4 and fura-2 AM indicator dye as
published before. Chips assigned for cellular composition are fixed by perfusion of
paraformaldehyde (PFA) and subsequently immunostained for insulin, glucagon, somatostatin,
pancreatic polypeptide and ghrelin. Images of cells on chips are acquired by confocal imaging
using Nikon A1R confocal and Molecular Devices high-content imaging Image Express Micro
system and subsequently evaluated for cellular composition by MetaMorph and MetaExpress
software for cell segmentation and morphometry analysis.

To evaluate the maturation of B-cells, islet cells are retrieved from the chips and B-cells
retrieved by harvesting with TrypLE and subject to RT-PCR to profile for key allowed (GK
versus disallowed HK, LDH genes) that characterize mature B-cells. Mitochondrial density is
evaluated by mitotracker red.

Similar analysis is obtained using primary human islets from brain dead organ donors,
after partial trypsin digestion are seeded onto the apical chamber of organ-chips as shown in
Figure 3. The i-Islets from the KCN.J// mutant iPSCs are subject to static incubation low (4
mM) and high (12 mM) glucose in the presence and absence of sulfonylurea (the same as each
patient is taking for therapy). The islets will then also be seeded into the apical chamber with
corresponding vascular endothelium in the basal chamber. Organ-chip glucose stimulation and
real time Ca’’ imaging is carried out as above in the presence and absence of the relevant
therapeutic sulfonylurea. iPSCs from two of the KCNJ/I clones that perform best in
differentiation are subject to repair of the KCN.J// by CRISPR and then further differentiation
and evaluation of GSIS secretion by static incubation and on-chip carried out as above.

The Inventors have reporter iPSC lines labeled with nuclear-GFP (83i-nGFP) and
cytoplasmic-RFP (83i-cRFO) under B-actin promoter from single isogenic line!!. The
Inventors will perform single-cell RNA-sequencing by harvesting the i-Islets and i-BMECs
from both channels of the chips, sorting for either GFP™ i-islets and RFP™ iBMECs, and
profiling for vascular interactions and maturation. (10x genomics), and perform principal
component and DAVID. By this process candidate signaling pathways are sought that drive -
cell development to full maturation and function. Such signals would represent important
targets for use in final stages of stem cell derived islet differentiation. Moreover, since a current
hypothesis for development of T2D is dedifferentiation of B-cells, targeting signaling pathways

that enhance B-cell maturation would represent a novel potential therapeutic pathway for T2D.
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Example 8
Primary human and iPSC derived skeletal muscle and iPSC motor neurons on chips

The Inventors have previously developed neuromuscular junctions (NMlJs) and
innervated skeletal muscle on organ-chips. The Inventors have developed methods for
differentiation of and skeletal muscle and motor neurons from iPSCs and formation of NMJs
in a dish and on organ-chips.

Briefly, the Inventors procured primary human skeletal muscle from a commercial
vendor (Cell Applications), where the Inventors optimized and seeding density and attachment
conditions on different organ-chips polymer biomaterials, including chemical cross-linking
agents and collagen/fibronectin extracellular matrix, as essential for successful long-term (30
day) attachment of primary muscle on organ-chips. The primary skeletal muscle did not
demonstrate any twitching (contraction) without innervation from the neurons. When muscle
was co-cultured with iPSC-derived motor neurons (iMNs) on organ-chips, the Inventors
observed contraction of the muscle that was dependent on the co-culture of the iMNs and the
media. Immunohistology confirmed the presence of functional NMJs on the organ-chips. Thus,
these experiments suggest innervated skeletal muscle if functional and likely to be crucial in
mimicking human skeletal muscle physiology on organ-chips to assess the effects of insulin-
mediated glucose uptake on the muscle in diabetes and health.

For generation of iPSC-deived skeletal muscle (i-SkM), undifferentiated hiPSC lines
are maintained and expanded feeder-free on matrigel-coated plates in serum-free E8 medium.
[-SkM differentiation experiments are performed in a 5% 02/5% COz incubator, by using
commercially available skeletal muscle differentiation medium. Briefly, cells are plated at
2,500 cells per cm? onto Matrigel or collagen I-coated plates and maintained for 10 days in
skeletal muscle induction medium containing 5% horse serum, 3 uM CHIR99021, 2 uM AlkS5
Inhibitor, 10 ng/ml hr-EGF, 10 mg/ml insulin 0.4 mg/ml dexamethasone, and 200 uM ascorbic
acid. At day 10, cells are dissociated with and plated on to Matrigel and collagen-I coated-
organ-chips, and maintained for 8 days in skeletal myoblast medium containing 5% horse
serum, 10 mg/ml insulin, 10 ng/ml hr-EGF, 20 ng/ml hr-HGF, 10 ng/ml hr-PDGF, 20 ng/ml
hr-bFGF, 20 pg/ml oncostatin, 10 ng/ml IGF-1, 2 pM SB431542 , and 200 uM ascorbic acid.
Further maturation in the presence after 18 days of differentiation, myotube formation is
promoted with the addition of 10 mg/ml insulin, 20 mg/ml oncostatin, 50 nM

necrosulfonamide, and 200 uM ascorbic acid. Cells are then maintained for 7 days in myotube
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medium. The iPSC-derived motor neurons (iMNs) are differentiated as the Inventors have
previously described.

Skeletal muscle is highly vascularized to meet the high energetic demand for muscle
activity. Vascular inflow to skeletal muscles is provided by primary arteries, of which the feed
arteries account for as much as 30-50% of the total resistance to blood flow through skeletal
muscle. Capillary networks surrounding skeletal muscle play not only supply oxygen and
nutrients, but also regulate myogenesis and skeletal muscle repair. Insulin resistance in type 2
diabetes is accompanied by defects in the vasculature of skeletal muscle, which ultimately
reduce the ability of insulin and nutrients to reach myocytes'”. Insulin transport from the
bloodstream to its target skeletal muscle requires transport across a vascular endothelial-
skeletal muscle barrier. Given the Inventors’ observations from the neurovascular organ-chips,
the Inventors expect that the presence of endothelial cells to enhance function of iSkM chip
and recapitulate more human-specific skeletal muscle pathophysiology on the iSkM organ-
chips. In this case the endothelial cells are seeded in the bottom channel and the (1IMNs-iSkMs)

innervated 1SkM are co-cultured on the top channel.

Example 9
Functional iPSC-derived skeletal muscle (i-SkM) on the organ-chip devices

It is suggested that i—-SkM in contact with vascular endothelium in an organ-chip has
increased metabolic development (mitochondrial density, insulin mediated glucose uptake).
Additionally, it is suggested that ilnnervation of i—SkM with iPSC-motor neurons increases
insulin mediated glucose uptake. Finally, 1-SkM from patients with inactivating insulin
receptor (IR) mutations have insulin resistance reversed by CRISPR correction of the /R
mutation.

The innervation of i-SkM and iMNs can be measured by formation of functional NMJs and
immunostaining with a-bungarotoxin, Biii tubulin for neurons, synaptic vesicle 2 (SV2) and
MHC (muscle). The formation of mature skeletal muscle can be measured formation of
myotubes on the chip as shown in image below for example. The fusion index (degree of poly-
nucleated myofibers) of the myotubes is determined. Metabolic maturation is evaluated by
quantifying key regulatory proteins and enzymes including glucose 4 transporter proteins,
hexokinase-2 and mitochondrial density by mitotracker red.

The myofiber contraction frequency can also be measured upon innervation with iMNs
with and without endothelial cell co-culture by counting the contractions/minute of the
myotubes using phase time-lapse imaging.
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Finally, muscle do better on micro-patterned chips where myotubes can organize
linearly using channels etched out on the polymer membrane and this would be part of
development of the additionally chip designs.

Insulin action in i-SkM and primary skeletal muscle-Chips are measured by insulin
mediated glucose uptake. This is evaluated directly by glucose concentration difference across
the chip x flow (5§ mM perfusate glucose) at basal insulin (10 pU/ml) followed by stimulated
insulin (100 pU/ml). For real time insulin mediated glucose transport and phosphorylation the
Inventors will also quantify the accumulation of a fluorescent tracer of 2-deoxy-D-glucose, 2-
[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose (2-NBDG) in Muscle-
Chips.

The Inventors anticipate that insulin mediated glucose uptake is increased by both
vascular endothelium and innervation. In contrast, the Inventors anticipate that insulin
mediated glucose uptake is minimal in i-SkM from monogenetic loss of function insulin
receptor mutants but restored when the gene is repaired in iPSC clones by CRISPR before

differentiation.

Example 10
Fully integrated chips with immune components to mimic bimodal system relevant to diabetes
For establishing the bimodal system relevant for diabetes, the Inventors investigate the
islet and muscle chips separately. The Inventors will start with the premise that the iPSC
derived islets and muscle from B-T2D and IR-T2D are more vulnerable to disease inducing
strategies (chronic stimulation/inflammatory cells for islets and inflammatory cells, innervation
density and altered lipid profiles for skeletal muscle). Given that T2D is a disease of aging, and
that generation of iPSCs may remove changes of aging, it is plausible that iPSC-derived tissues
will not recapitulate disease states even when challenged as proposed. In that case alternative
strategies are used by CRISPR technology to recapitulate B-cell dysfunction and skeletal
muscle insulin resistance present n T2D.
Example 11
Model of p-cell dysfunction T2D in i-Islets
Initial studies using monogenetic diabetes sample will serve to optimize and validatethe
i-Islet-on-chip in the UH3 phase. Subsequently, these platforms can be deployed in recruited
patients with T2D whose underlying cause for loss of glucose homeostasis is predominantly
insulin resistance (IR-T2D) versus those in who the predominant defect is a -cell defect (-

T2D).
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The extent of the defects of B-cell function and insulin resistance for each individual
with T2D are evaluated using the Cobelli mixed meal minimal model approach as already used
in the ongoing CIRM study. The most well defined risk factor for B-cell failure in T2D is
chronic B-cell stimulation. To mimic this i-Islets from each group (B-T2D, IR-T2D and non-
diabetic controls) are perfused with a glucose of 6.6 mM (120 mg/dl) for 5 days before study.
If i-Islets retain the predisposition of the individuals from who they were developed, the
Inventors hypothesize that B-cell dysfunction will develop first in i-Islets differentiated from
B-T2D, then IR-T2D and if at all last from non-diabetic controls. Since the underlying cause of
B-cell failure is unknown, it is envisaged that additional strategies may need to be undertaken
to induce B-cell dysfunction that recapitulates

T2D in i-Islets. Strategies that would be rationale would be to expose the i-Isets to a
higher glucose concentration ~11 mM, (200 mg/dl) for 5 days to induce glucotoxicity,
increased lipids (lipotoxicity), add immune cells harvested from the patients with B-T2D,
cytokines known to be enhanced in T2D and potentially combinations of these putative causes
of B-cell failure in T2D. Another rationale strategies would be expose i-Islets to altered lipid
soluble persistent organic pesticides that have been associated with T2D risk. If none of these
strategies was effective, then it may be necessary to use a CRISR approach that recapitulates

B-cell failure in T2D. An example might include A7G7 to include the autophagy pathway.

Example 12
Modlel of insulin resistance i-SkM
In common with B-cell dysfunction in T2D, the mechanism underpinning insulin
resistance in T2D is controversial with a variety of interrelated hypothesis including immune
cell mediated through cytokines released by type 1 macrophages, excess intramuscular lipids
or a deficiency of a lipid class termed fatty acid esters of hydroxy fatty acids. Recently density
of motor neuron neuromuscular junctions has been implicated in age related insulin resistance,
and paraplegia is associated with an increased risk for T2D mediated through insulin resistance.
Further studies can involve initially exposing i-SkM-on-chip to circulating immune cells

harvested from patients with IR-T2D.

Example 13
Investigating models of f-cell dysfunction and insulin resistance
The above compositions and methods allow for MPS models of both T2D with primary

B-cell failure and T2D with predominant insulin resistance to gain insights into mechanisms of
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B-cell failure and insulin resistance respectively. Subsequently, these platforms allowing
testing of available diabetes drugs and apply chemicals screens for efficacy in restoring -cell
function and insulin sensitivity in these MPS models of T2D, individually and then linked in
series.

Without being bound by any particular theory, it is suggested that chronic stimulation
(pre-diabetes [glucose] perfusion of i—Islet-Chips from B-T2D will result in B-cell dysfunction
responsive to sulfonylurea and GLP-1. Further, addition of IR-T2D patient specific immune

cells to i—-SkM-Chips will cause muscle insulin resistance responsive to PPAR-y agonists.

Example 14
iPSC lines from patients with monogenic mutations leading to neonatal diabetes mellitus or
impaired insulin action in skeletal muscle

Using the described platforms, one can generate iPSC lines from patients with
monogenic mutations leading to neonatal diabetes mellitus (KCN.J//) or impaired insulin
action in skeletal muscle (/nsulin receptor (INSR), TBC1D4), and create CRISPR-corrected
isogenic controls. This includes clinical phenotyping, collection of blood samples from
diseased patients and generation of iPSCs. Generation, characterization and banking of
KCNJI1 and INSR patient iPSCs. CRISPR correction to make isogenic mutation-corrected
controls of n=2 donors/group. Positive control monogenic iPSC models of Islet dysfunction
and All iPSC lines are generated in the same fashion from whole blood (PBMCs) as the lean
T2D iPSCs that are currently generated and fully characterized in the clinical CIRM grant. If a
line does not pass pluripotency testing and karyotyping, it is discarded and replaced by an
additional line.

Additionally, robust differentiation of iPSC-derived islets (i-Islets) and i-Skeletal
muscle (i-SkM) from a single healthy non-diabetic control single isogenic line on organ-chips.
One can establish robust differentiation parameters, extracellular matrix (ECM) substrates and
co-culture with endothelial cells for i-Islet and 1-SkM differentiation in MPS for 14 days across
replicate chips. Analysis can include evaluation of cell survival of i-Islets and i-SkM on organ-
chips. Seeding is tested with different crosslinking substrates in conjugation with ECM
components such as laminin, collagen type 1-V, fibronectin, vitronectin, entactin, and
Matrigel™. Quantification of cell attachment, seeding density, longevity on chips, and various
cell populations are conducted across 10 replicate chips and coefficient of variance (CV) of
cell populations < 20% for milestone completion. Innervated i-SkM + i-MN chip will have

functional NMJs. Here it is suggested that the enhancement of islet and muscle function and
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maturation as a function of ECM and innervation is well documented, as well as evidence from
the Inventors’ preliminary data suggest Matrigel (laminin, collagen and entactin). The
Inventors have begun these tests and observed functional improvement in cadaveric human
islets on Matrigel-coated organ-chip. The Inventors have extensive experience differentiating
i-Islets in bioreactors of different sizes 1SkM with the Inventors’ collaborator. If the Inventors
observe that the exclusion of certain of specific ECM component enhances the Inventors’
ability to meet this criterion, the Inventors will omit them from the model moving forward. As
the Inventors have shown previously, the both i-Islets and 1-SkM are capable of functioning
with Matrigel and would still allow further disease discovery if cultured without supportive
cell types. Matrigel composition is variable from batch-to-batch and preferably a defined

human recombinant ECM will be identified for i-Islets and i-SkM on the chips.

Example 15

Parameters of i-Islets and i-SkM inclusion with endothelial cells in organ-chips

Here the aim is to verify i-Islet and i-SkM survival and long-term stability using co-
culture with endothelial cells. This can be pursued by successfully co-culturing i-Islet and i-
SkM chips with iPSC-derived endothelial cells or primary HUVECs are determined by
immunostaining and confocal microscopy for cell health. Cell populations are quantified across
10 replicate chips with CV < 20% after 14 — 30 days on chips. Media flow rate will also be
varied between 15 — 100 pl/hr. iPSC-derived endothelial cells (iBMECs: Claudin-
570ccludin*Glut-17; pan-endothelial: CD31°CD144", Tiel™) or primary HUVECs must be
intact for successful endpoint. To assess impact of vascular interaction, transcriptomic profiles
for functional maturation of i-Islets and i-SkM are performed using bulk and single cell-mRNA
seq on sorted cells isolated from the chip. It is suggested that the enhancement of islet and
skeletal muscle function and maturation through the co-culture with endothelial cells is well
documented. The Inventors have begun these tests and expect to see functional improvement
in islet function. If the Inventors observe that the addition of either endothelial cell type
obstructs the Inventors’ ability to meet this criterion, the Inventors will omit them from the
model moving forward. As the Inventors have shown previously, both islets and skeletal

muscle are capable of functioning without the addition of endothelium.
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Example 16
Inter-run and inter-line stability of i-Islet and i-SkM function enhancement

Of additional interest is measuring i-Islet and iSkM function by GSIS (i-Islet), IMGU
(i-SkM), mitochondrial and Ca’>" function, cell survival, myofiber fusion/contraction,
immunostaining, and comparative transcriptomic analysis. Towards this aim, one can verify
that potential biomarkers seen in of i-Islets and 1-SkM organ-chips are enhanced by endothelial
cells and provide a reproducible model. CV < 25% in between runs for an iPSC line and also
between inter-iPSC lines for cell survival, GSIS for i-Islet chip and IMGU for i-SkM chip. Key
secreted biomakers such as insulin, glucagon, and myokines (myostatin, BDNF, myonectin)
need to be reproducible. Addition of sulfonylurea on mutant KCN.J1/ i-Islets should result in
insulin normalization.

It is suggested that the benefits of the addition of endothelium and the extent of Islet
and SkM variation between experimental runs is unknown. Stability of the system as well as
functional benefit of their inclusion moving forward must be established before completing
OM4 Endothelial cells have also been implicated in diabetes. The organ-chip could therefore
allow this cell type display novel biological and disease related physiology for the first time in
vitro. Strict criteria for reproducibility of survival and function must be met to allow for
subsequent analysis for disease specific phenotypes. If the addition of endothelial cells
contributes too much variation in these critical biomarkers, they are removed and the simplified
model of i-Islets or i-SkM only and stromal fibroblasts are used. If either secreted biomarker
is not detectable, or is too variable, an alternate metabolite may be chosen as the standard for

future assays.

Example 17
Generating iPSC lines from lean and obese 12D patients and non-diabetic controls

Additionally, of interest is collection of blood samples from diseased patients and
generation of iPSCs. Lines are selected for congenital diabetes patients per clinical criteria.
Towards this aim, one can generate and bank of 40 iPSC lines from lean (L-T2D) and obese
(O-T2D) T2Ds, lean (L-ND) and obese (O-ND) non-diabetics (n=10/group). Isolate
macrophages from PBMCs.This will allow establishing disease models from T2D patient
iPSCs on organ-chips after validation the MPS platform with monogenic forms of diseased
iPSCs. To apply MPS models of both T2D with primary B-cell failure and T2D with
predominant insulin resistance to gain insights into mechanisms of B-cell failure and insulin

resistance, respectively.
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Example 18
Integrate the i-Islet and i-SkM organ-chips with inflammatory cells

Of interest is understand whether the i-Islet and i-SkM organ-chips from above groups
are linked in series with and without inflammatory cells and impact of B-cell (sulfonylureas,
GLP-1) and muscle (PPAR-y agonists) drugs evaluated. Towards these aims, one can conduct
chronic stimulation i—Islets on chips from B-T2D will result in B-cell dysfunction responsive
to sulfonylurea and GLP-1. Addition of IR-T2D patient specific immune cells to 1-SkM on chip
will cause muscle insulin resistance responsive to PPAR-y agonists.

To test GSIS and IMGU responses when exposed to isogenic and patient acquired
immune cells from individuals who successfully adapt to insulin resistance (obese nondiabetic)
and those who develop T2D in response to obesity (IR-T2D). Evaluate available diabetes drugs
and apply chemicals screens for efficacy in restoring B-cell function and insulin sensitivity in

these two MPS models of T2D.

Example 19
Establish disease-specific phenotypes in 12D patient organ-chips

The aforementioned methods and compositions support developed of a set of reliable
disease specific biomarkers that distinguish T2D from control lines and each other. Each
biomarker must be significantly increased or decreased (P<0.05). To achieve this aim, disease-
specific biomarkers are identified by comparing to ND controls using secretome (proteomics)
and metabolomics. Overall culture health is determined by LDH assay and used as a biomarker
if activity is significantly increased P<0.05 over control. % survival and function of i-Islets is
assessed using immunostaining of: c-peptide”, glucagon™, Nkx6.17, Pdx1+, chromogranin A
(CHGA)", and i-SkM are assessed by Pax3/Pax7, MyoD1, MyoG, MHC, Desmin, Mf20. Gene
pathway expression analysis is compared to non-diabetic controls. Significantly
increased/reduced signatures will be complemented by proteomic analysis for biomarker
confirmation. Significant disease biomarkers (P<0.05) are included in a list ranked by CV. If
one diseased line does not reproduce disease phenotypes it will be considered an outlier, and
phenotype is further characterized using additional lines.

It is suggested that the comprehensive panel of described functional assays will be
effective in use for T2D disease-specific phenotype discovery. Changes in secreted proteins,
metabolites, gene expression, and mitochondrial function associated with cell death are used
as a positive control. The generation of robust disease associated phenotypes from T2D, the

genesis of which is unknown, may not necessitate cell death to yield impactful biomarkers.
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Thereafter, one will confirm that biomarkers are present in lean and obese T2D iPSC
lines using specific analysis for those markers when compared to the non-diabetic control iPSC
lines. Inconsistent biomarkers are eliminated from the panel. >5 biomarkers must be
significantly different between disease and control P<0.05 and present in at least 5/8 individual
patient iPSCs. Full literature search is conducted and results of biomarker comparison to
clinical data will be included in a published report to be circulated among clinicians.

Due to the sporadic nature of T2D diseased iPSC lines, the Inventors cannot expect that
each line will behave identically. The approach, however, is to study common phenotypes that
are shared amongst the patient population. Therefore, common and highly reproducible
phenotypes will be given priority. If strong phenotypes are discovered in a subpopulation of
lines, more traditional forms of pathological studies will be conducted on these lines and traced
back to clinical data.: Known biomarkers in clinic will help validate approach and relevance to
MPS-derived biomarkers. Novel proteomic, metabolomic and functional phenotypes may be
determined by retrospective or prospective analysis of clinical patient samples such as serum,

or tissue.

Example 20
Screening putative drug candidates on organ-chips for insulin normalization in T2D iPSCs

The aforementioned methods and compositions support evaluation of available diabetes
drugs and apply chemical screens for efficacy in restoring -cell function and insulin sensitivity
in these two MPS models of T2D, added through endothelial channel of the organ-chips.

For example, one can conduct 384-well cytotoxicity screening of available diabetes
drugs using compound libraries. Primary screen leading to insulin normalization with
generation of ranked list of drug candidates. Conduct dose response experiments for selection
of 3 phenotype reversing drug candidates. A major utility of the MPS system is to assess the
discovery of compounds into endothelial side of channel. To accelerate the application of novel
drug candidates into the clinic, screening will concentrate on drugs that penetrate the
endothelial cell layer of the chips, into the i-Islet and i-SkM compartment. In addition to
yielding potential drug candidates, novel permeability data will be generated on the NCATS
Small molecule library that will aid other diabetes research efforts. If no drugs reverse
biomarkers, non-endothelial permeable drugs will be tested on the i-Islet or i-SkM channel

directly.
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Example 21
Generation of iPSC-derived pancreatic islets

Whereas the earlier described preliminary establish a platform for modeling diabetes,
significant improvements can exist in improving efficient yield of differentiated cells and
properties of such differentiated cells. In particular, deriving functionally mature pancreatic
endocrine cells from iPSCs for use in disease modeling, drug testing, and transplantation
therapies to study diabetes remains an important goal.

Towards this end, endocrine development undergoes many critical stages to generate a
desired population. Existing protocols suffer in particular from inefficiency of differentiation
during early stages. Such inefficiency can give rise to a mix population of unwanted cell types
that will drastically reduce end stage efficiency. In disease modeling, the presence of
heterogenous cells types can also affect readout by contrubting noise. Thus, there is a great
need for a robust differentiation protocol, with emphasis on improving differentiation steps
during early stages.

To optimize early stages of differentiation, the Inventor tested several combinations of
differentiation growth factors and agents. Testing protocols allowed robust differentiation of
PDX1/NKX6.1 endocrine progenitors in 13 days from iPSCs with >90% Efficiency. Thisis a
significant improvement over any comparable protocol. In support of efficient differentiation,
very high seeding density appears to support high efficiency of differentiation towards

endocrine progenitors.

Example 22
Differentiation of endocrine progenitors towards beta cells

To further differentiate endocrine progenitors into beta cells, various reagents were
tested to determine which combinations are most efficient in generating immature beta cells.
T3 was selected for its role in beta cell survival, function, and identity AlkS inhibitor IT was
selected for its specificity in inhibition of TGF beta receptor 1. XXI was selected as Notch
inhibitor to exit cell cycle and as a driving force between endocrine vs duct phenotypes.
Noggin is selected for BMP inhibition due to evidence that inhibition of this pathway is
important for endocrine differentiation. Addition of notch inhibitor XXI reduced NKX6.1
levels and increased glucagon levels. Addition of noggin slightly increases c-peptide levels.
GSIS results show cells do not secrete insulin in response to glucose. The aforementioned

growth factors can be used in combnination for immature beta cell production. Thereafter,
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there is a need for a maturation step to induce glucose sensitivity on immature induced-islet

cells

Example 23
Maturation of induced islets to secrete insulin in response to glucose

To gain insulin responsiveness, the induction of the transcription factor MafA was
identified as an important factor. The Inventors discovered that inhibiting the Axl pathway and
adding antioxidants could induce and maintain MafA expression.

Towards this end, R428 is tested as an AxI inhibitor and N-Acetyl-Cysteine (NAC) is
used as antioxidant. MafA appears to localize in the cytoplasm. This is known to be a response
to oxidative stress. GSIS shows high concentration of insulin in media before being fed to cells
and cells show low basal insulin secretion in culture. Insulin is a stimulator of oxidative
phosphorylation. High ox-phos rates due to high insulin concentration in the media could result
in high levels of free radicals that cause MafA to localize in the cytoplasm and reduce glucose
sensitivity. Based on the last results, the Inventors plan to test removal of insulin from the
media as an attempt to induce endogenous insulin secretion when cells are challenged to a high
glucose test. Without being bound by any particular theory, it appears that high glucose levels
are required to activate MafA. Thus, the Inventors also plan to test modulating glucose levels

during the maturation stage of our protocol.

Example 34
iPSC-derived endothelial cells:

The earlier preliminary studies relied on available HUVEC and iBMEC cells. While
initial studies demonstrate the cross-talk between endothelial cells and endocrine cells, it is of
interest to develop a faithful model of metabolic diseases, such as diabetes by generating more
physiologically relevant endothelial cell types. Towards this end, the Inventors developed a
“pan endothelial” cell type, expressing key markers such as CD31, CD34, VEGF, and VEGFA.
Using a combination of growth factors, the Inventors were able to successfully produce
endothelial cell types. Based on the described protocols, it appears that endothelial markers
are more and purely expressed in Day 20 compared to Day 10 of differentiation -> time for
maturation. Differentiation to be confirmed with other experiments: Dil-ac-LDL uptake, and

TEER (resistance).
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Example 25
Co-Culture of iPSC-derived islets (i-islets) with endothelial cells
After producing the aforementioned cell populations using the described protocols, the
Inventors co-cultured i-Islets with i-Endo cells in transwell plates. This began by introducing
i-Endo cells during differentiation of iPSCs into pancreatic progenitors and maturation of i-
Islets phases, followed by verifying improvement of i-Islets differentiation and function. In a
first 1st co-culture experiment with HUVECs in transwells (polyester- PET), HUVECs were
placed on bottom with i-Islets on PET inserts; HUVECs introduced on Stage 1 of i-Islets

differentiation.

Example 26
Co-culture with HUVECs in transwells (PET): main conclusions
i-Islets appear do not adapt well to be cultured on the PET inserts (top). Co-culture of
i-Islets with HUVECS endothelial cells seem to be beneficial to the endothelial cells in terms
of CD31 expression levels. This could be due to some signal exchange between i-Islets and
HUVECs in the conditioned media i-Islets do not differentiate well to endocrine fate with
HUVECs. This is likely because the majority of the media observed by the i-Islets is the
HUVECs media. Co-culture started to early in i-islet fate specification. In an alternative

embodiment, one can change the format for i-Islets to be cultured on the bottom

Example 27
Co-culture with HUVECs in transwells (PET):
In addition studies, the Inventors placed HUVECs on PET inserts. i-Islets on bottom
(SLiP media). HUVECs introduced on Stage 6 of i-Islets differentiation (maturation of islets).
Test media in which the HUVECs are cultured 2nd co-culture experiment with HUVECs in
transwells (PET): main conclusions i-Islets cultured on the bottom appear to be better compared
to culture on the inserts. Co-culture of i-Islets with endothelial cells appear to improve the
differentiation of islets, especially when endothelial cells are culture with its own media -> to
be confirmed by upcoming experiments where we will try to reproduce these results using

HUVEC:s or i-Endothelial cells.

The various methods and techniques described above provide a number of ways to carry
out the invention. Of course, it is to be understood that not necessarily all objectives or

advantages described may be achieved in accordance with any particular embodiment
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described herein. Thus, for example, those skilled in the art will recognize that the methods
can be performed in a manner that achieves or optimizes one advantage or group of advantages
as taught herein without necessarily achieving other objectives or advantages as may be taught
or suggested herein. A variety of advantageous and disadvantageous alternatives are
mentioned herein. It is to be understood that some preferred embodiments specifically include
one, another, or several advantageous features, while others specifically exclude one, another,
or several disadvantageous features, while still others specifically mitigate a present
disadvantageous feature by inclusion of one, another, or several advantageous features.

Furthermore, the skilled artisan will recognize the applicability of various features from
different embodiments. Similarly, the various elements, features and steps discussed above, as
well as other known equivalents for each such element, feature or step, can be mixed and
matched by one of ordinary skill in this art to perform methods in accordance with principles
described herein. Among the various elements, features, and steps some will be specifically
included and others specifically excluded in diverse embodiments.

Although the invention has been disclosed in the context of certain embodiments and
examples, it will be understood by those skilled in the art that the embodiments of the invention
extend beyond the specifically disclosed embodiments to other alternative embodiments and/or
uses and modifications and equivalents thereof.

Many variations and alternative elements have been disclosed in embodiments of the
present invention. Still further variations and alternate elements will be apparent to one of skill
in the art. Among these variations, without limitation, are the compositions and methods
related to induced pluripotent stem cells (iPSCs), differentiated iPSCs including definitive
endoderm, progenitor cells, islet cells, mesoderm, progenitor cells, vascular cells including
brain microvasciular endothelial cells, methods and compositions related to use of the
aforementioned compositions, techniques and composition and use of solutions used therein,
and the particular use of the products created through the teachings of the invention. Various
embodiments of the invention can specifically include or exclude any of these variations or
elements.

In some embodiments, the numbers expressing quantities of ingredients, properties
such as concentration, reaction conditions, and so forth, used to describe and claim certain
embodiments of the invention are to be understood as being modified in some instances by the
term “about.” Accordingly, in some embodiments, the numerical parameters set forth in the
written description and attached claims are approximations that can vary depending upon the

desired properties sought to be obtained by a particular embodiment. In some embodiments,
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the numerical parameters should be construed in light of the number of reported significant
digits and by applying ordinary rounding techniques. Notwithstanding that the numerical
ranges and parameters setting forth the broad scope of some embodiments of the invention are
approximations, the numerical values set forth in the specific examples are reported as
precisely as practicable. The numerical values presented in some embodiments of the invention
may contain certain errors necessarily resulting from the standard deviation found in their
respective testing measurements.

In some embodiments, the terms “a” and “an” and “the” and similar references used in
the context of describing a particular embodiment of the invention (especially in the context of
certain of the following claims) can be construed to cover both the singular and the plural. The
recitation of ranges of values herein is merely intended to serve as a shorthand method of
referring individually to each separate value falling within the range. Unless otherwise
indicated herein, each individual value is incorporated into the specification as if it were
individually recited herein. All methods described herein can be performed in any suitable
order unless otherwise indicated herein or otherwise clearly contradicted by context. The use
of any and all examples, or exemplary language (e.g. “such as”) provided with respect to certain
embodiments herein is intended merely to better illuminate the invention and does not pose a
limitation on the scope of the invention otherwise claimed. No language in the specification
should be construed as indicating any non-claimed element essential to the practice of the
invention.

Groupings of alternative elements or embodiments of the invention disclosed herein are
not to be construed as limitations. Each group member can be referred to and claimed
individually or in any combination with other members of the group or other elements found
herein. One or more members of a group can be included in, or deleted from, a group for
reasons of convenience and/or patentability. When any such inclusion or deletion occurs, the
specification is herein deemed to contain the group as modified thus fulfilling the written
description of all Markush groups used in the appended claims.

Preferred embodiments of this invention are described herein, including the best mode
known to the inventor for carrying out the invention. Variations on those preferred
embodiments will become apparent to those of ordinary skill in the art upon reading the
foregoing description. It is contemplated that skilled artisans can employ such variations as
appropriate, and the invention can be practiced otherwise than specifically described herein.
Accordingly, many embodiments of this invention include all modifications and equivalents of

the subject matter recited in the claims appended hereto as permitted by applicable law.
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Moreover, any combination of the above-described elements in all possible variations thereof
is encompassed by the invention unless otherwise indicated herein or otherwise clearly
contradicted by context.

Furthermore, numerous references have been made to patents and printed publications
throughout this specification. Each of the above cited references and printed publications are
herein individually incorporated by reference in their entirety.

In closing, it is to be understood that the embodiments of the invention disclosed herein
are illustrative of the principles of the present invention. Other modifications that can be
employed can be within the scope of the invention. Thus, by way of example, but not of
limitation, alternative configurations of the present invention can be utilized in accordance with
the teachings herein. Accordingly, embodiments of the present invention are not limited to that

precisely as shown and described.
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10.
11.
12.
13.
14.
15.
16.
17.
18.

THE CLAIMS

A method of generating pancreatic progenitor cells, comprising:

Culturing induced pluripotent stem cells (iPSCs) in the presence of Activin A
and CHIR99021 for about 3 days to generate definitive endoderm;

culturing definitive endoderm in the presence of FGF10, Noggin, and CHIR
99021 for about 2 days to generate gut tube endothelium;

culturing gut tube endothelium in the presence of FGF10, Noggin, Santl and
retinoic acid for about 4 days to generate pancreatic progenitor cells.
The method of claim 1, wherein the pancreatic progenitor cells express PDX1+,
NKX6.1+, or both.
The method of claim 1, further comprising culturing pancreatic progenitor cells in the
presence of EGF, nicotinamide, and Noggin for about 4 days to generate endocrine
progenitor cells.
The method of claim 3, further comprising culturing endocrine progenitor cells in the
presence of T3, AlkS5i, and Noggin for about 7 days to generate immature endocrine
cells.
The method of claim 4, wherein the immature endocrine cells express one or more of’
C-peptide, glucagon and NKX6.1.
The method of claim 4, further comprising culturing immature endocrine cells in the
presence of T3, Alk5i, R428 and NAC for about 7 days to generate mature endocrine
cells.
The method of claim 6, wherein the mature endocrine cells express one or more of: C-
peptide, glucagon and MafA.
The method of Claim 4, wherein the immature endocrine cells are islet cells.
The method of Claim 6, wherein the mature endocrine cells are islet cells.
The method of Claim 8, wherein the islet cells are beta islet cells.
The method of Claim 9, wherein the islet cells are beta islet cells.
The method of 9. wherein the islet cells are capable of producing insulin.
The method of claim 9, wherein the islet cells secrete insulin C-peptide.
The method of claim 9, wherein the islet cells are glucose responsive.
The method of Claim 1, wherein the iPSCs derived from a diabetic subject.
A quantity of pancreatic progenitor cells made by the method of claim 1.
A quantity of endocrine progenitor cells made by the method of claim 3.

A quantity of immature endocrine cells made by the method of claim 4.
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19. A quantity of mature endocrine cells made by the method of claim 6.

20. A method of generating endothelial cells, comprising:
culturing (iPSCs) in the presence of CHIR99012 for about 2 days to generate
mesoderm;
culturing mesoderm in the presence of BMP4, VEGF, and FGF2 for about 2
days to generate vascular progenitor cells;
culturing vascular progenitors in the presence of EGM-MV2 and VEGF for
about 4-6 days to generate endothelial progenitor cells; and
culturing endothelial progenitor cells in the presence of EGM-MV2 and VEGF
to generate endothelial cells.
21. The method of claim 16, wherein the vascular progenitor cells express one or more of
CD31+, CD34+, VEGF+, and VEGFA+ at day 20.
22. A quantity of endothelial cells made by the method of claim 20.
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