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SUMMARY
In type 1 diabetes, a renewable source of humanpancreatic b cells, in particular fromhuman induced pluripotent stem cell (hiPSC) origin,

would greatly benefit cell therapy. Earlier work showed that pancreatic progenitors differentiated from human embryonic stem cells

in vitro can further mature to become glucose responsive following macroencapsulation and transplantation in mice. Here we took a

similar approach optimizing the generation of pancreatic progenitors from hiPSCs. This work demonstrates that hiPSCs differentiated

to pancreatic endoderm in vitro can be efficiently and robustly generated under large-scale conditions. The hiPSC-derived pancreatic

endoderm cells (HiPECs) can further differentiate into glucose-responsive islet-like cells following macroencapsulation and in vivo im-

plantation. The HiPECs can protect mice from streptozotocin-induced hyperglycemia and maintain normal glucose homeostasis and

equilibrated plasma glucose concentrations at levels similar to the human set point. These results further validate the potential use of

hiPSC-derived islet cells for application in clinical settings.
INTRODUCTION

Diabetes currently affects about 400 million people world-

wide, of which type 1 diabetes (T1D) accounts for up to

5%–10%. Indeed, T1D was recognized early in the era of

regenerative medicine research as an indication for a stem

cell-based therapy as it results from the lack of insulin

due the loss of pancreatic b cells. In these patients blood

glucose homeostasis must be controlled through the injec-

tion of insulin. An alternative approach is the transplanta-

tion of islets or b cell preparations obtained post-mortem

from organ donors. Although success rates have increased,

the duration of insulin independence following transplan-

tation is usually restricted to a few years (Shapiro et al.,

2000). The rate-limiting step for the widespread use of islet

cell transplantation is a reproducible unlimited supply of

functional beta/islet cells. Regenerative medicine ap-

proaches therefore represent an important possibility for

achieving this breakthrough. Over the last decade, signifi-

cant advancements have been made to develop alternative

b cell replacement therapies using a renewable source of

differentiating cells such as human pluripotent stem cells.

Endoderm patterning principles have been mimicked

in vitro to differentiate human embryonic stem cells

(hESCs) or human induced pluripotent stem cells (hiPSCs)
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into pancreatic endoderm cells (PECs) that express the

transcription factors NKX6-1 and PDX1 (D’Amour et al.,

2006; Nostro et al., 2011; Nostro et al., 2015). In vivo

implantation of such ESC-derived PECs led to further dif-

ferentiation and maturation into insulin-producing cells,

culminating in the first clinical trial using stem cell

therapy for T1D (ViaCyte, Inc., clinical trials identifier:

NCT02239354) (D’Amour et al., 2006; Jiang et al., 2007;

Kroon et al., 2008; Zhang et al., 2009; Kelly et al., 2011; Re-

zania et al., 2012). The recent discovery that it is possible to

derive hiPSCs from somatic cells has raised the possibility

that b cells can be derived from patients themselves

through cell reprogramming and differentiation. While

the use of pluripotent stem cells is the most promising

strategy for cell replacement therapy, it may not prevent

the need for immunosuppressant drugs in the context of

T1D with islet-specific autoantibodies. Although improve-

ments of immunosuppression protocols have been made,

they are still associated with impaired b cell regeneration

and function (Dominguez-Bendala et al., 2016; Shapiro,

2011). Recently, a macroencapsulation device has been

put forward as a means to protect b cells from host immu-

noreactivity (Kumagai-Braesch et al., 2013). Macroencap-

sulation devices are cell-impermeable porous membrane

cassettes employed to encase and immunoprotect the
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engrafted cells. It has been shown thatmacroencapsulation

and more recently microencapsulation of hESC-derived

pancreatic progenitors differentiated into b cells could

partially rescue streptozotocin (STZ)-induced hyperglyce-

mia without triggering an immune response (Kroon et al.,

2008; Lee et al., 2009; Robert et al., 2018; Vegas et al.,

2016). In the present study we assessed the potential of

hiPSCs to efficiently differentiate into pancreatic progeni-

tors in a scalable and reproducible process. Further, we

investigated the capacity of the hiPSC-derived pancreatic

progenitor cells to survive and mature within planar mac-

roencapsulation devices in vivo to levels allowing preven-

tion of hyperglycemia in animals after ablation of mouse

b cells using STZ.
RESULTS

In VitroCharacterization of hiPSCDifferentiation into

Pancreatic Endoderm Cells

hiPSCs were differentiated into PECs using an optimized

version of a four-stage protocol published previously

(D’Amour et al., 2005; D’Amour et al., 2006; Kroon

et al., 2008). Two hiPSC lines derived from different do-

nors were initially cultured as monolayers and controlled

for pluripotency by flow cytometry (data not shown)

before initiating 12 days of differentiation under three-

dimensional culture conditions. Quantitative gene expres-

sion analysis revealed specific patterns recapitulating the

different stages of differentiation in normal endocrine

development and showed consistency between the two

hiPSC lines (Figures 1A–1I). During the first 2 days of dif-

ferentiation, induction of endoderm fate occurs. hiPSCs

lose the expression of pluripotency markers (NANOG,

POU5F1, and SOX2) and start expressing the mesoendo-

dermal stage-specific marker T-box transcription factor T

(TBXT) and then the definitive endoderm-specific markers

SOX17 and CXCR4 (Figures 1A–1F). This stage is followed

by specification of primitive gut tube together with upre-

gulation of HNF1B and HNF4A (data not shown) at day 5

before expressing markers of posterior foregut as indicated

by increased expression of SOX9 and PDX1 at day 8

of differentiation (Figures 1G and 1H). By day 12,

NKX6-1 gene expression levels are dramatically increased

(Figure 1I), indicating the beginning of pancreatic endo-

crine specification. At this time point, a large proportion

of endodermal chromogranin A-negative/PDX1-positive

cells also express NKX6-1 (49.03% ± 6.1%) as shown by

immunofluorescence and flow cytometry analyses (Fig-

ures 1J, 2A, 2B, and 2D). These cells are considered

pancreatic endocrine progenitors and will be referred to

as PECs throughout, while the aggregates will be named

hiPSC-derived PECs (HiPECs). A small proportion of cells
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express CDX2 and/or AFP (14.06% ± 1.8%) and likely

represent off-target gut endoderm cells (Figures 2C and

2D). Moreover, a small percentage of differentiating chro-

mogranin A-positive cells (total endocrine, Figures 2A and

2D, 19.77% ± 4.7%) is detected, which mainly represents

cells co-expressing insulin and glucagon (Figure 1K) or in-

sulin and somatostatin (not shown). Similar cell popula-

tions have been identified in PECs derived from hESCs

(Robert et al., 2018). The four-stage differentiation proto-

col of hiPSCs into pancreatic endocrine progenitors

described here was further adapted to large-scale culture

conditions following a previously published protocol us-

ing hESCs (Schulz, 2015; Schulz et al., 2012). Typically,

large-scale production was initiated from 3–7 * 109 hiPSCs

in 30,000–40,000 cm2. The timing of gene expression of

small- versus large-scale culture similarly recapitulated

the four-stage differentiation process (data not shown).

In large-scale aggregates (herein named LHiPECs), the per-

centage of PECs was comparable at day 12 to small-scale

generated HiPECs (HiPECs, 49.03% ± 6.1%; LHiPECs,

46.22% ± 3.04%) (Figures 2D–2F). Moreover, LHiPECs

could be frozen and stored without losing their differenti-

ation status as shown by flow cytometry analyses of

LHiPECs after cryopreservation and thawing (Figures 2G

and 2H). Taken together, these results show that the

four-stage differentiation protocol allows the differentia-

tion of hiPSCs into pancreatic endoderm expressing the

appropriate sets of genes and proteins consistent with

this stage of differentiation. Moreover, these data demon-

strate that the method is reproducible, robust, and

scalable for production of large batches of PECs of high

quality that can be cryopreserved prior to further use.

Macroencapsulated hiPSC-Derived Pancreatic

Endoderm Generates Functional Endocrine Cells

In Vivo

To investigate whether in vitro-produced HiPECs have the

potential to generate functional endocrine cells in vivo,

we used a flat-sheet macroencapsulation device to graft

theHiPECs under the skin (neck) of immune-compromised

mice (Lathuiliere et al., 2014). We initially determined

and set the optimal volume of cells to engraft at 45 mL

(4–5 * 106 cells) of aggregates (Figure S1). Starting at 8weeks

post-implantation, we investigated the efficiency of b cell

differentiation in vivo by analyzing changes in serum hu-

man c-peptide release during glucose challenges (Figures

3A and 3A0). At 8 weeks post-implantation, very low levels

of human c-peptide (<100 pM at 60 min) were detected

in response to glucose administration (Figure 3A). Four

weeks later, an increase in c-peptide levels was observed

(315.1 ± 19.92 pM) 60 min after glucose administration.

With increasing number of weeks in vivo, both fasting

and glucose-stimulated human c-peptide levels continued



Figure 1. Characterization of hiPSC Differentiation toward Pancreatic Endoderm Cells
(A–I) RNA expression analyses of important markers modulated during differentiation of hiPSCs toward pancreatic endoderm stage comparing
two different hiPSC lines, HiPSC-1 and HiPSC-2 (n = 3 independent experiments with technical duplicates). (A) NANOG, (B) POU5F1, (C) SOX2,
(D) T, (E) SOX17, (F) CXCR4, (G) SOX9, (H) PDX1, (I) NKX6.1. Chart bars represent relative expression value average and error bars represent SD.
(J and K) Immunofluorescence of cell aggregates at pancreatic endoderm stage (D12-PE). (J) Staining for PDX1 and NKX6-1. Scale bar,
50 mm. (K) Staining for glucagon and insulin. Scale bar, 100 mm. Arrows show polyhormonal cells. Nuclei are stained in blue with DAPI.
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Figure 2. Cell Composition Analyses of Hi-
PECs and LHiPECs
(A–C) Flow cytometry analysis of cell
composition of HiPEC and LHiPEC at day 12 of
differentiation. Cells were labeled to deter-
mine the endocrine polyhormonal population
(chromogranin A positive), the pancreatic
endoderm population (chromogranin A
negative, PDX1+ and NKX6-1+), and the
off-target population (CDX2+, AFP+). Repre-
sentative pictures from flow cytometry
analysis of (A) chromogranin A (gated on
side scatter), (B) PDX1 and NKX6-1 (gated on
chromogranin A negative), and (C) AFP and
CDX2 (gated on side scatter).
(D and E) Ratios over the total population for
each individual population of (D) HiPEC and
(E) LHiPEC generated cells.
(F) Comparison of percentage of PECs in
HiPECs versus LHiPECs.
(G) Comparison of percentage of PECs in
LHiPECs before and after cryopreservation.
(H) Comparison of percentage of PDX1+/
NKX6-1+ cells in LHiPECs before and after
cryopreservation. For HiPEC and LHiPEC an-
alyses, n = 5 and n = 8 independent experi-
ments, respectively. Error bars represent SEM.
to rise to reach a maximum of 292 ± 34.63 pM at fasting

and 1,203 ± 178 pM at 60 min peak levels in response to

glucose after 18weeks post-implantation (Figure 3A). These

results were consistent with encapsulated cells derived

from different parental hiPSC lines (Figure 3C). Moreover,

similar results were observed in mice implanted with

LHiPECs (Figure 3A0), although serum human c-peptide

levels were lower in magnitude compared with the corre-

sponding values obtained from HiPECs. Independent of

the cell source, glucose-induced secretion and kinetics of

c-peptide release were similar (Figure 3A0). When tested

after shorter periods of time in vivo, c-peptide secretion

was maximal at 60 min post-glucose injection (12 and

16 weeks post-implantation). Peak c-peptide release shifted

to 30 min post-glucose when animals were assessed at later

times after implantation (>18 weeks). These results suggest

that the maturation of HiPEC-derived b cells continues

over time in vivo.
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To further characterize the role of HiPEC-derived endo-

crine cells in the regulation of glucose metabolism in vivo,

we compared the serum levels of human c-peptide and

glucose clearance over time. In this analysis bothmouse islet

b cells and implanted human b cells contributed to lower

blood glucose levels during the tolerance test. As human in-

sulin secretion measured by c-peptide analysis increased

with time following implantation, this may exaggerate the

corrective action of insulin on glucose homeostasis. Indeed,

after 20 to 22 weeks of implantation of either HiPECs or

LHiPECs, glucose clearance was significantly accelerated

compared with animals carrying the macroencapsulated

cells for only 8 weeks (Figures 3B and 3B0). Enhanced

correction of glucose excursions occurred over the same

time frame as graft-derived human c-peptide increased (Fig-

ures 3A, 3B, 3A0, and 3B0). In parallel, fasting blood glucose

levels decreased (from 99.06 ± 3.2 mg/dL at 8–9 weeks

post-implantation to 87.67 ± 4.3 mg/dL at 20 weeks)



Figure 3. Human c-peptide Detected in Sera of Mice Implanted with HiPECs and LHiPECs
(A and A0) Analyses of blood glucose levels and serum levels of human c-peptide in mice implanted with hiPSC-derived pancreatic
endoderm cells. Mice implanted with (A) HiPSC-1-derived or (A0) LHiPSC-derived pancreatic endoderm cells were analyzed at the corre-
sponding indicated post-engraftment times for serum levels of human c-peptide following intraperitoneal glucose administration.
(B and B0) (B) Mice implanted with cells as shown in (A), and (B) those shown in (A0), were analyzed at the indicated post-engraftment
times for blood glucose levels following intraperitoneal (IP) glucose administration. Averages of blood glucose levels in response to
intraperitoneal glucose tolerance test are shown for the indicated post-engraftment times. (A and B) n = 20–29 animals (three inde-
pendent experiments); (A0 and B0) n = 12 animals (two independent experiments).
(C) Comparative analyses at the indicated post-engraftment times of serum levels of human c-peptide in cohorts of mice implanted with
HiPSC-1-derived pancreatic endoderm cells (n = 9 animals, two independent experiments) or HiPSC-2-derived pancreatic endoderm cells
(n = 5 animals). Error bars indicate SEM.
Statistical analysis was performed by Student’s t test (*p < 0.05; **p < 0.01; ***p < 0.001).
(Figure 3B). Similar changes in fasting blood glucose levels

were observed in animals implanted with LHiPECs (Fig-

ure 3B0). Altogether these data strongly suggest that insulin
release from implanted hiPSC-derived PECs is under glucose

control and significantly contributes to glucose homeostasis

in the host.
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Figure 4. Pancreatic Endocrine Hormone
Expression in HiPEC-1-Derived Grafts
Micrographs of serial sections of immuno-
histochemistry and immunofluorescence
analyses of HiPEC-1-derived graft samples
32 weeks post-engraftment for pancreatic
endocrine hormone expression.
(A) Staining for insulin.
(B) Staining for somatostatin (SST) and
insulin.
(C) Staining for human c-peptide and
glucagon.
(D) Staining for ghrelin and c-peptide. Scale
bar, 100 mm.
(E) Cell composition quantification by high
content image analysis of the indicated
pancreatic endocrine hormones. Values were
normalized to DAPI-positive cells (n = 6
explants).
(F) RNA expression analysis of the indicated
markers in HiPEC-1-derived explants (n = 2
explants) and control human islet (n = 2
donors) samples. Error bars indicate SD.
Ex Vivo Characterization of HiPEC-Derived Glucose-

Responsive Insulin-Producing Cells

To characterize the cellular content of the devices, we

performed immunohistochemical analyses of explanted

grafts 32 weeks post-implantation. The H&E staining of

sectioned devices revealed the homogeneous formation

and distribution of a three-dimensional, organized tissue

derived from HiPECs, while conjunctive tissue (c) as well

as vessels (dotted lines) was detected on the outer surface

of the device but not in direct contact with cells present
792 Stem Cell Reports j Vol. 12 j 787–800 j April 9, 2019
inside (Figure S2). We clearly identified epithelial endo-

crine tissue (straight lines), as well as ductal structures (d)

surrounded by connective tissue (*) (Figure S2). Also, insu-

lin staining revealed a high proportion of cells expressing

insulin in islet-like structures and a wide distribution of in-

sulin-positive cells throughout the device (Figures 4A and

S2). Subsequent immunofluorescence labeling for endo-

crine hormones, i.e., insulin, glucagon, somatostatin, and

ghrelin, showed that typical grafts contained multiple

cell clusters individually expressing each hormone in a



Figure 5. Expression of Mature b Cell
Markers in HiPEC-1-Derived Grafts
(A) Cell composition quantification by high
content image analysis for insulin, NKX6-1,
and MAFA. Values were normalized to DAPI-
positive cells (n = 6 animals).
(B) qRT-PCR analyses for MAFA transcript in
hiPSCs (n = 2 lines), PE-D12 (n = 6 differen-
tiations), explants (n = 4), and human islets
(n = 2 donors). Error bars indicate SEM.
(C) Extracted immunofluorescence staining
from high content imaging for MAFA (red),
NKX6-1 (green), and INSULIN (white). The
three yellow arrowheads point to three cells
showing triple-positive staining. Scale bar,
50 mm.
heterogeneous cellular architecture reminiscent of either

fetal or more mature pancreatic islets (Figures 4B–4D). A

small proportion of glucagon cells also expressed c-peptide,

representing rare polyhormonal cells present in the ex-

plants (Figure 4C). Apart from the endocrine population,

we also observed ductal (Figures S2, S3A, and S3B) and

mesenchymal cells (Figure S3C), which express CK19 and

vimentin, respectively. However, we did not detect positive

cells for CDX2, albumin, and amylase (data not shown).

This is in agreement with the absence of exocrine, intesti-

nal, and hepatic transcripts in explanted grafts (Figures

S3D and S3F). Moreover, we did not detect remaining

pluripotent cells or teratoma formation in the explants

(Figure S3G and data not shown). Accordingly, in a recent

longitudinal proteomic profiling study (Haller et al.,

2018) of PEC differentiation in vivo, we could not detect

any protein corresponding to those off-target tissues after

16 weeks of implantation.

HiPEC-derived tissue contained more than 50% endo-

crine cells, with 23.79% ± 3.19% c-peptide positive,

5.88% ± 0.73% glucagon positive, 7.15% ± 1.11% somato-

statin positive, 2.79% ± 0.54% pancreatic polypeptide pos-
itive, and 11.00% ± 1.32% expressing ghrelin (Figure 4E).

Similar to the proportion of c-peptide-positive cells,

24.86% ± 3.28% of total cells expressed insulin, which sug-

gests thatmore than 95%of insulin cells also express c-pep-

tide (Figures 4E and 5A and data not shown). Gene expres-

sion analysis of the grafts confirmed the presence of insulin,

glucagon, somatostatin, and ghrelin as well as MAFA and

NKX6.1 transcripts (Figures 4F, 5B, S4, S5A, and S5B).

Indeed,MAFA andNKX6.1 are two important transcription

factors involved in the function and the maintenance

of the glucose-responsive phenotype of mature b cells

(Matsuoka et al., 2004; Zhang et al., 2005). Compared

with human islets obtained from adult post-mortem do-

nors, insulin and somatostatin expression was lower in the

grafts (Figure 4F). This can be explained by the dilution of

the endocrine population in the explant grafts compared

with control human islet preparations. However, glucagon

and ghrelin were expressed at slightly higher levels than

those measured in human islets, which could suggest a

bias in the differentiation potential or the prevalence of a

progenitor state. We could quantify similar percentages of

cells positive for insulin (24.86% ± 3.28%; n = 6), NKX6-1
Stem Cell Reports j Vol. 12 j 787–800 j April 9, 2019 793



Figure 6. Glucose-Stimulated Ca2+-
Signaling Pathway Characterization in
hiPSC-Derived Pancreatic b Cells after
In Vivo Differentiation
(A) Model for Ca2+-dependent coupling of
glucose metabolism to insulin secretion in
the pancreatic b cells.
(B and C) Human insulin secretion levels
measured on ex vivo tissue samples after
glucose exposure. Values are expressed as (B)
fold change (n = 8 explants; *p = 0.0371) or
(C) concentration (ng/mL) (*p = 0.0352) (C).
(D) Cytosolic signal of Ca2+ sensor AD-RIP-
YC3.6cyto recorded at 535 nm in HiPEC-1-
derived b cells. Scale bar, 25 mm.
(E–G) Examples of Ca2+ responses in indi-
vidual HiPEC-1-derived b cells, stimulated
with 16.7 mM glucose and subsequently
treated with (E) Rotenone (Rot; 1 mM), (F)
diazoxide (Diaz; 100 mM; KATP channel acti-
vator), and the three voltage-dependent Ca2+

channel blockers (Ca2+ inhibitor: Isidipine
[20 mM], u-agatoxin [400 nM], NNC 55-0396
[2 mM]) (F), and KCl (30 mM) (F and G). The
ratiometric signals were normalized to basal
(set to 1). Data are representative of 14
glucose stimulation experiments (40 cells).
Diazoxide, Rotenone, and KCl effects were
confirmed in 11, 6, and 7 experiments,
respectively. The effect of the Ca2+-channels
blockers followed by KCl depolarization was
repeated three times.
(H) Example of a control human b cell Ca2+

signaling trace. Statistical analysis was per-
formed by Student’s t test. Error bars indicate
SEM.
(21.52%±2.31%), andMAFA (22.02%±2.86%) (Figure 5A).

Co-localization analysis also showed that the majority of

the insulin-positive cells were positive for NKX6-1 and/or

MAFA (Figure 5C). These different hormones and transcrip-

tion factors are hallmarks of fully differentiated pancreatic

endocrine cells and emphasize the fact that a reasonable

fraction of HiPEC-derived endocrine cells have reached a

mature phenotype.

Metabolism-Secretion Coupling in HiPEC-Derived

Insulin-Producing Cells

b cell metabolism-secretion coupling is a multistep pro-

cess linking glucose metabolism to insulin secretion.

Glucose metabolism results in mitochondrial activation

and enhanced ATP formation. The elevated cytosolic ATP/

ADP ratio favors closure of KATP channels leading to plasma

membranedepolarization.Voltage-gatedCa2+ influxfinally

triggers insulin secretion (Figure 6A). To determinewhether

the HiPEC-derived insulin-secreting cells differentiated
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in vivowere capable of responding to glucose, we character-

ized glucose-dependent insulin secretion. After 25 weeks

in vivo, devices were explanted and tested ex vivo for static

glucose-stimulated insulin secretion. Glucose significantly

increased insulin secretion by 1.48 ± 0.25-fold compared

with grafts maintained under resting glucose conditions

(Figures 6B and 6C). As a secondmeasure of b cell activation

we measured Ca2+ response in HiPEC-derived endocrine

cells. We performed single-cell fluorescence-based identifi-

cation of insulin-expressing cells in graft tissue infected

with adenovirus expressing the cytosolic Ca2+ sensor

YC3.6cyto (AD-RIPYC3.6cyto) (Figure 6D). HiPEC-derived in-

sulin-positive cells exhibited a Ca2+ response following

16.7 mM glucose stimulation (Figures 6E and 6F). The

glucose-dependent Ca2+ increases were heterogeneous,

showing both oscillatory and biphasic kinetics (Figures 6E

and 6F), comparable to recordings of adult human primary

b cells (Figure 6H) previously reported by others (DeMarchi

et al., 2014). Direct plasma membrane depolarization



Figure 7. Analyses of STZ-Treated Mice
(A) Mice implanted with HiPECs were
analyzed at the indicated weeks post-
engraftment for serum levels of human
c-peptide after intraperitoneal glucose
administration. The highest c-peptide values
detected post-glucose challenge are repre-
sented for each time point.
(B) Glucose tolerance test, blood glucose
levels, and c-peptide levels are shown for
mouse A5 after intraperitoneal glucose
administration.
(C, C0, D, and D0) (C) Independent and (D)
average values of non-fasting blood glucose
levels measured in 13 animals represented in
(A) before and for 74 days after STZ treat-
ment (STZ at 22 weeks post-engraftment
time). Average values exclude animals A1,
A2, and A3 that lost glucose control due to
the absence of human c-peptide secretion. At
day 74 post-STZ (10 weeks), mice were ex-
planted and blood glucose levels were
monitored post-explantation. (C0) Indepen-
dent and (D0) average values of non-fasting
blood glucose levels measured before and for
68 days after STZ treatment (STZ at 25 weeks
post-engraftment time) in 9 animals im-
planted with LHiPECs. At day 67 post-STZ
(9 weeks), mice were explanted and blood
glucose levels were measured post-explan-
tation. Error bars represent SEM.
applying a final concentration of 30 mM KCl caused an

immediate and transient Ca2+ rise in HiPEC-derived b

cells, indicating the presence of functional voltage-gated

Ca2+ channels and normal Ca2+ efflux mechanisms (Fig-

ure 6G). As in human b cells, inhibition of mitochondrial

respiration using rotenone (Figures 6E and 6H) or blockage

of the voltage-dependent Ca2+ channels (Figure 6F) pre-

vented cytosolic Ca2+ increases. Taken together, these re-

sults demonstrate that metabolism-secretion coupling in

HiPEC-derived b cells relies on mitochondrial function,

plasma membrane depolarization, and voltage-dependent

Ca2+ influx, comparable to primary b cells.

Macroencapsulated HiPEC-Derived Endocrine Cells

Protect Mice against STZ-Induced Hyperglycemia

The ultimate test to validate the functionality of HiPEC-

derived endocrine cells is to assess their ability to regulate

blood glucose levels independent of the endogenous

mouse pancreatic b cells. We showed earlier that macroen-

capsulated HiPEC-derived b cells improved glucose clear-

ance after glucose challenge over time. To further investi-

gate the ability of grafted cells to tightly regulate glucose

levels, engrafted mice were treated with the b cell toxin
STZ. To exert its toxic function, STZ enters b cells through

the glucose transporter SLC2A2 (GLUT2). Human b cells

express relatively low levels of SLC2A2 and are therefore

protected from STZ cytotoxicity at doses that eliminate

mouse b cells (Yang and Wright, 2002). As expected, ani-

mals with levels of circulating human c-peptide below

100 pM (animals A1 and A2) became hyperglycemic after

STZ treatment, showing the efficiency of the murine b

cell depletion (Figures 7A and 7C). In contrast, animals

with circulating human c-peptide levels over 500 pMmain-

tained normoglycemia (Figures 7A–7C). Indeed, murine

c-peptide levels induced by a glucose challenge in mice

are normally around 500–600 pM at peak, which suggests

that this level of human c-peptide is adequate to improve

glucose control. Also, when comparing the profiles of

human c-peptide secretion after glucose injection before

and after STZ treatment, we observed that the engrafted

cells maintained their function at maximal values, with

the highest peak of secretion after 30 min (Figure 3A).

This observation was independent of the cell source used

for the implantation (HiPEC versus LHiPEC).

Interestingly, glucose clearance efficiency was signifi-

cantly improved in animals after STZ treatment compared
Stem Cell Reports j Vol. 12 j 787–800 j April 9, 2019 795



with the same animals before STZ treatment. Indeed, blood

sugar rise after glucose challenge was significantly lower

and returned to baseline more rapidly (Figures 3B, 3B0,
and 7B). These results suggest that engrafted cells further

mature with time and/or when full contribution is needed.

As demonstrated, basal blood glucose levels of animals

post-STZ remained tightly controlled for several weeks after

treatment (Figures 7C and 7D). The control of glycemia in

animals implanted with LHiPECs was more unstable

following STZ and we could observe a moderate delay

before stabilization of basal blood glucose levels, reflecting

slightly lower and delayed levels of circulating human

c-peptide in these cohorts (Figures 7C0 and 7D0).
After murine b cell ablation, basal blood glucose concen-

tration was initially between 105 and 125 mg/dL but by

1–2 weeks stabilized lower at 70 to 90 mg/dL (Figure 7D).

These concentrations are in the range of the reported hu-

man set point of 70–120 mg/dL. Resetting of basal blood

glucose concentration also occurred in animals implanted

with LHiPECs to some extent, but due to the delay inmatu-

ration it was less robust on average (Figure 7D0). Removal of

the implants rendered animals strongly hyperglycemic

(500–600 mg/dL glucose) (Figures 7D and 7D0). These

data support several conclusions. First, graft-derived endo-

crine cells are capable of maintaining glucose homeostasis

in the absence of mouse pancreatic b cells (Figure S6). Sec-

ond, rising serum levels of graft-derived insulin as observed

over time resulted in a gradual decrease of blood glucose

concentrations. Finally, prevention of hyperglycemia in

SCID/Bg mice whose endogenous b cells had been de-

stroyed required human graft-derived glucose-stimulated

serum levels of human c-peptide of 500 pM (2.3 ng/mL)

or more.
DISCUSSION

In this study, we examined the potential of hiPSCs to differ-

entiate into pancreatic progenitors using a four-stage pro-

tocol originally developed for hESCs in a scalable process.

Our results show that we could reproducibly and efficiently

differentiate hiPSCs into PECs applying both a small- and a

large-scale protocol. PECs were qualified by negative

expression of CHGA and high levels of expression of

PDX1 andNKX6-1 as well as FOXA2. The differentiation ef-

ficiency was in a range similar to that previously observed

by others for hiPSCs (Nostro et al., 2015). However, accu-

rate comparison is difficult as there is no consensus on

the methods used to quantify the percentage of PECs.

Although we did observe a small proportion of mostly

polyhormonal endocrine cells as well as cells expressing

off-target markers such as intestinal (CDX2) and liver

(AFP) markers, we speculate that the glucose-responsive
796 Stem Cell Reports j Vol. 12 j 787–800 j April 9, 2019
cells arise from pancreatic endoderm-defined cells. This is

based on prior work performed on hESC-derived PECs

showing that insulin-producing cells generated in vivo

derive from sorted PECs, whereas the polyhormonal cells

give rise to mainly glucagon cells (Kelly et al., 2011). Also,

others have shown that differentiated populations con-

taining higher proportions of pancreatic progenitor cells

expressing PDX1 and NKX6-1 differentiate toward b-like

cells either in vivo or in vitro (Kirk et al., 2014; Pagliuca

et al., 2014; Rezania et al., 2014; Russ et al., 2015). Using

more recently published protocols with the large-scale

three-dimensional system described here, it is likely that

the four-stage differentiation protocol could be further

optimized to increase the percentage of PECs and decrease

the percentage of polyhormonal endocrine cells. This

study represents a valid proof of concept that hiPSC-

derived pancreatic endoderm can be generated in large-

scale production.

The capacity of hiPSC-derived PECs to survive and

mature within planar macroencapsulation devices in vivo

was evaluated. Explants of hiPSC-derived b cells in the

context of other islet cells generated in vivo secrete human

insulin and c-peptide in response to glucose. Furthermore,

glucose triggered calcium signaling in the b cells matured

in vivo, consistent with normal metabolism-secretion

coupling in these cells. Importantly, following more than

12 weeks of implantation, the hiPSC-derived PECs were

able to prevent hyperglycemia in 70%–80% of animals af-

ter ablation of mouse b cells using STZ. The minimal

requirement for STZ-driven hyperglycemia protection in

mice was around 500 pM release of human c-peptide,

which corresponds to reported maximal concentrations

of murine c-peptide secreted after glucose injection. How-

ever, the range of glucose-stimulated c-peptide levels

measured in insulin-free diabetic patients with functional

islet grafts averaged 3–4.5 ng/mL (1,000–1,500 pM) (Hering

et al., 2005), comparable to the 1,456 ± 300 pM levels

detected after STZ ablation. The rescue of the STZ-driven

hyperglycemia was as efficient as observed after transplan-

tation of hESC-derived PECs or with approximately 2,000

adult human islets (Gaber et al., 2004; Kroon et al., 2008).

In vivo-matured hiPSC-derived PECs tightly controlled gly-

cemia below the levels observed before the STZ ablation,

reaching an average of 80 mg/dL for a period of up to

70 days following the STZ treatment. Relative to plasma

glucose levels in humans, which are 70–120 mg/dL, the

calibrated levels ranged from normoglycemic to slightly

hypoglycemic. Hypoglycemia (with respect to normal

mouse basal levels) is generally observed in mice and

rats upon engraftment of human fetal or adult b cells

(Castaing et al., 2001; Tuch et al., 1991), as well as hESC-

derived b cells (Kroon et al., 2008). In this study we decided

to assess the maturation of hiPSC-derived b cells under



normoglycemic conditions, which do not reflect the clin-

ical conditions of treatment of T1D. However, normoglyce-

mia in mice is perceived as a mild hyperglycemic environ-

ment for human PECs with regard to human physiology.

Glucose-stimulated human c-peptide levels were de-

tected in serum around 8 weeks post-implantation for the

HiPECs and after 12 weeks for the LHiPECs. In general,

large-scale production tended to influence the maturation

efficiency of the pancreatic endoderm compared with the

small-scale production, an effect that did not appear to be

attributable to cryopreservation of PECs (data not shown).

The reduction of growth factor concentrations used during

the large-scale production to reduce costs may explain the

reduced efficiency, although this change did not have an

impact on the percentage of PECs obtained at the differen-

tiation endpoint. Notably, some mice implanted with the

LHiPECs demonstrated c-peptide kinetics comparable to

those of mice implanted with HiPECs, although the pro-

portion of those animals was smaller in the large-scale co-

horts. The reason for this difference is unclear; it could be

due to variability observed with in vivo experiments or

perhaps more variable levels of engraftment with large-

scale pancreatic endoderm implants. Compared with avail-

able data from hESC-derived PEC implantations, or from

fetal and adult islet transplantation, the maturation of

the hiPSC-derived PECs also seems to be delayed. Interest-

ingly, Robert et al. have shown that the immature features

of the hESC-derived b cells in vivo improved over time to

reach a functionally mature b cell mass after 1 year of

engraftment (Robert et al., 2018). Time could also possibly

improve maturation of hiPSC-derived b cells, but this hy-

pothesis will need to be tested. The delay could also be ex-

plained by the macroencapsulation of the cells (Motte

et al., 2014). Indeed, subcutaneous macroencapsulation

imposes on the cells a slight delay before full vasculariza-

tion takes place. We observed that the first blood vessels

were established only 10 to 15 days following the implan-

tation. Usually, preferred implantation sites for islets and

related cells are the kidney capsule and the epididymal fat

pad, which represent highly vascularized sites. As previ-

ously reported for hESC-derived b-like cells (Matveyenko

et al., 2010), macroencapsulated HiPECs implanted in

nude rats showed only poor c-peptide secretion in 10% of

the animals after 20 weeks post-implantation and only if

the devicewas permeabilized, which suggests that vascular-

ization efficiency is even more delayed in nude rats

compared with SCID/Bg mice and prevents maturation of

the pancreatic progenitors (data not shown). However,

this is in contrast with results obtained from Bruin et al.,

where maturation of insulin-secreting cells from hESCs

was accelerated after implantation under the kidney

capsule of nude rats (Bruin et al., 2015). Indeed, amacroen-

capsulation approach can trigger a foreign body response
to the implant, with recruitment of foreign body giant

cells that can affect oxygenation of the device and the

implanted cells (Franz et al., 2011). Altogether, these

results suggest that tightly controlling vascularization

and tissue reaction in macroencapsulated implants is crit-

ical for ensuring proper survival and maturation of the

cells. Microencapsulation of pancreatic endoderm-derived

b-like cells has also been investigated as an alternative

requiring accelerated vascularization of the more mature

cells (Vegas et al., 2016). However, an important consider-

ation for this approach is maintaining the integrity of the

implanted pancreatic aggregates and avoiding the disrup-

tion of the maturing cellular architecture, issues that are

often associated with microencapsulation of cells for

transplantation.

Recently, considerable progress has been made with the

optimization of in vitro strategies to differentiate hESCs

into mature insulin-secreting b cells (Pagliuca et al., 2014;

Rezania et al., 2014; Russ et al., 2015). However, these

hESC-derived insulin-secreting b cells still have some limi-

tations. For instance, their glucose responsiveness as

assessed in vitro remains relatively poor compared with pri-

mary human islets. Moreover, gene expression profiling

showed that the signature of the newly generated b cells

still shared features reminiscent of fetal b cells (Pagliuca

et al., 2014; Rezania et al., 2014). Indeed, such cells either

partially rescued hyperglycemia induced by STZ in vivo or

rescued hyperglycemia to a similar extent and over the

same time frame as PECs, suggesting that their differentia-

tion into fully mature and functional b cells was not com-

plete (Millman et al., 2016). It still remains to be proven if

the glucose-responsive b cells in these 12 week grafts

derived from the originally implanted insulin cells or the

contaminating pancreatic endoderm. Moreover, the effi-

ciency of differentiation remains very low compared with

levels obtained for the PECs. All these data suggest that

we still need to understand the mechanisms driving the

functional maturation of b cells to transfer such knowledge

in a dish.

In conclusion, these results show that hiPSC-derived

endocrine cells generated after implantation of pancreatic

progenitors produced in vitro using a scalable process are

functionally similar to hESC-derived islets aswell as human

islets in vivo, supporting evidence that hiPSCs may serve as

a renewable source of islets for diabetes cell-replacement

therapies.
EXPERIMENTAL PROCEDURES

Cell Culture and Differentiation
hiPSCs, provided by Fujifilm Cellular Dynamics (Madison, WI,

USA), were maintained on mouse embryonic fibroblast feeder

layers (Millipore, PMEF-N). Cell culture was performed in
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humidified incubators at 37�C and 8% CO2. Small- and large-scale

expansion and differentiationwere carried out under three-dimen-

sional conditions using an optimized version of the four-stage

protocol for which details are explained in the Supplemental

Experimental Procedures.

Cryopreservation and Banking of HiPECs
LHiPECs (day 12) were resuspended in cryopreservation medium

(90% KOSR/10% DMSO/25 mM HEPES), cryopreserved using a

controlled-rate freezer (Planer plc Kryo 560-16) using a specific

program (Supplemental Experimental Procedures) and banked in

liquid nitrogen.

Encapsulation and Implantation
Cell aggregate slurry was transferred in S4 culture medium and

loaded into a flat sheet encapsulation device based on a polymeric

frame technology as described previously (Supplemental Experi-

mental Procedures) (Lathuiliere et al., 2014). Encapsulation de-

vices were implanted dorsolaterally in male SCID/Beige mice

(Charles River) 6–13weeks of age. All animal experiments were car-

ried out in accordance with the Swiss regulation on animal exper-

imentation and the European Council directive (86/609/EEC) for

the care and use of laboratory animals (EXPANIM-SCAV protocol

approval VD2569).

STZ Treatment of Mice
At 20–25 weeks post-implantation, mice received 70 mg STZ per ki-

logram body weight (Sigma, S0130), through intraperitoneal injec-

tion for 5 consecutive days for a total dose of 350 mg/kg.When im-

plantedanimals reachedbloodglucose levelshigher than300mg/dL

for at least 7 consecutive days, the animals were euthanized.

Ex Vivo Histological Analysis
Encapsulation devices were retrieved and fixed in 4% paraformal-

dehyde for 4–7 days, dehydrated, and processed for paraffin

embedding. Samples were sliced on a microtome at a thickness

of 5 mm and stained with H&E. Insulin staining was revealed by

immunohistochemistry using human insulin antibody (Dako,

A0564) and images were acquired with a bright-field microscope

(Leica) with a 103 objective (Supplemental Information).

Human Islets Preparation
Human islets from non-diabetic deceased donors were purchased

from tebu-bio, providing donor consent forms for medical

research. Islets were cultured at 37�C in a humidified atmosphere

(5% CO2). Details on culture medium are provided in Supple-

mental Experimental Procedures. Human islets were sampled after

a maximum 4 days in culture for RNA analyses. All human islet

procedures were approved by Comission cantonal d’étique de la re-

cherche sur l’être humain (306/14).

Gene Expression Analyses
Total RNA from aggregates, human islets, or explanted tissue was

isolated, quantified, and qualified using specific commercial kits

(detailed information in Supplemental Experimental Procedures).

Gene expression analysis was performed using the NanoString
798 Stem Cell Reports j Vol. 12 j 787–800 j April 9, 2019
nCounter gene expression assay with100 ng RNA per reaction

and the Combo_6980 code set according to the manufacturer’s in-

structions (NanoString). Detailed information on code set and

analysis of the data are provided in Supplemental Experimental

Procedures. The average and standard deviations of the fully

normalized counts were calculated for two biological replicates.
Immunofluorescence and High Content Image

Analyses
D12 aggregates or explants were cryopreserved and embedded in

7.5% gelatin (details provided in Supplemental Experimental Pro-

cedures). Thewhole explant/aggregateswere sectioned at�28�C in

4 mm thick sections using a microtome, and for each staining, tis-

sue was analyzed every 40 mm. Immunofluorescence was per-

formed using standard methods detailed in Supplemental Experi-

mental Procedures. Details of primary and secondary antibodies

are listed in Table S2. Images were acquired with an Axio Imager

M2 Zeiss microscope. For high content image analyses and quanti-

fications, whole slide imageswere acquired using anOlympus Slide

Scanner (VS120-SL) with a 103 objective, which is suitable for

quantification. Quantification was done usingMetaXpress. Details

of quantifications are provided as Supplemental Experimental

Procedures.
Flow Cytometry Analyses
Single-cell suspensions of D12 HiPECs were obtained by dissoci-

ating cells with Accumax (Innovative Cell Technologies, AM105)

at 37�C for 15 min. Live/dead staining (Thermo Fisher L34963)

was performed for 20 min at room temperature. For intracellular

antibody staining, cells were fixed using Fix/Perm buffer (Biosci-

ence, 00-5523-00) for 30 min at room temperature and then

washed with Perm buffer. Cells were re-suspended in 100 mL

Perm/Wash buffer and then incubated overnight at 4�C with

50 mL primary antibodies mix. Details of antibodies are listed in

Table S3. Dead cells were excluded during flow cytometry analysis

and gating was determined using isotype antibodies. Flow cytom-

etry data were acquired on a Becton Dickinson FACS FORTESSA

and analyzed using De Novo FCS express software.
Glucose-Stimulated C-Peptide Secretion Assay and

Intraperitoneal Glucose Tolerance Assays
Following overnight fasting, animals received an intraperitoneal

injection of a 30% glucose (dextrose) solution dosed at 3.0 g/kg

body weight. Blood samples were collected before and following

the glucose injection at 15, 30, and 60–120 min. To evaluate the

c-peptide release ex vivo, the explants were retrieved from the de-

vices. Human c-peptide concentration in sera or supernatant sam-

ples was determined using the Ultrasensitive Human c-peptide

ELISA as described by the manufacturer (Mercodia, 10-1141-01).

Blood glucose levels were measured with glucometer strips and

the glucometer Accu-Chek (Aviva).
Calcium Signaling Analyses
Explants were partially digested with Accumax at 37�C and plated

on 35 mm diameter glass-bottom dishes (MatTek, P35G-1.5-20-C)

coated with 804G matrix (Langhofer et al., 1993) in medium



composition. Experiments were performed 48 h post-transfection,

at 37�C in Krebs-Ringer bicarbonate HEPES buffer (detailed in

Supplemental Experimental Procedures). Glass coverslips were

inserted into a thermostatic chamber (Life Imaging Services). Cells

were excited at 430 nm and imaged on a DMI6000 B inverted

fluorescence microscope, using an HCX PL APO 403/1.30 NA oil

immersion objective (Leica Microsystems) and an Evolve 512

back-illuminated CCD with 16 3 16 pixels camera (Photometrics)

(details in Supplemental Experimental Procedures). Images were

acquired every 2 s.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, six figures, and three tables and can be found with

this article online at https://doi.org/10.1016/j.stemcr.2019.02.

002.
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