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SUMMARY
Generation of functional b cells from pluripotent sources would accelerate diagnostic and therapeutic applications for diabetes research

and therapy. However, it has been challenging to generate competent b cells with dynamic insulin-secretory capacity to glucose and in-

cretin stimulations. We introduced transcription factors, critical for b-cell development and function, in differentiating human induced

pluripotent stem cells (PSCs) and assessed the impact on the functionality of derived b-cell (psBC) progeny. A perifusion system revealed

stepwise transduction of the PDX1, NEUROG3, and MAFA triad (PNM) enabled in vitro generation of psBCs with glucose and GLP-1

responsiveness within 3 weeks. PNM transduction upregulated genes associated with glucose sensing, insulin secretion, and b-cell matu-

ration. In recipient diabetic mice, PNM-transduced psBCs showed glucose-responsive insulin secretion as early as 1 week post transplan-

tation. Thus, enhanced pre-emptive b-cell specification of PSCs by PNM drives generation of glucose- and incretin-responsive psBCs

in vitro, offering a competent tissue-primed biotherapy.
INTRODUCTION

Diabetes affects more than 442 million adults worldwide

(WHO, 2016), and this number is estimated to reach 642

million by 2040 (Ogurtsova et al., 2017). Whereas type 1

diabetes (T1D) results from autoimmune destruction of

pancreatic b cells, type 2 diabetes (T2D) is caused by periph-

eral insulin resistance, b-cell dysfunction, and b-cell loss

(Butler et al., 2003). Transplantation of stem cell-derived

insulin-producing cells could provide a cell therapy option

to restore b-cell loss or dysfunction in patients with dia-

betes (Holditch et al., 2014). Because of the capacity for un-

limited self-renewal and pluripotent lineage specification,

human pluripotent stem cells (PSCs) have been extensively

studied for b-cell generation potential (Holditch et al.,

2014). For the generation of b-like insulin-producing cells

from PSCs guided differentiation protocols have been

developed, whichmodel the key stages of pancreatic devel-

opment in vitro, including definitive endoderm, foregut,

pancreatic endoderm, and endocrine progenitor stages

(D’Amour et al., 2006; Nostro et al., 2011; Basford et al.,

2012; Rezania et al., 2012). However, most protocols typi-

cally yield populations of multihormonal PSC-derived b

cells (psBCs) lacking glucose responsiveness (D’Amour

et al., 2006; Basford et al., 2012; Thatava et al., 2013; Cog-

ger et al., 2017), and generation of more mature, glucose-
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responsive psBCs has required prolonged in vivo or in vitro

maturation steps (Bruin et al., 2015a, 2015b; Kroon et al.,

2008; Rezania et al., 2012).

Insulin secretion in vivooccurs in twodistinct phases, with

the first phase (0–5 min) corresponding to the release of the

stored pool of insulin granules and the second phase corre-

sponding to the release of newly formed insulin granules

(Curry andMacLachlan, 1987; Pfeifer et al., 1981), and iden-

tifying the first-phase temporal insulin profile is essential for

determination of proper functionality of b cells since lack of

first-phase insulin-secretory response is characteristic of

immature and/or dysfunctional b cells (Dhawan et al.,

2015; Gerich, 2002). The dynamic perifusion system allows

evaluation of temporal insulin secretion profiles in response

to glucose and other secretagogs. In contrast, commonly

used static glucose-stimulated insulin secretion (GSIS) assays

preclude detection of the critical first-phase insulin secre-

tion. In static GSIS assays, islets are also ‘‘bathed’’ with its

secretory products such as insulin, amylin, and glucagon,

which can affect insulin secretion and islet function and

thus potentially alter the results. Another important feature

of functional b cells is their responsiveness to glucagon-like

peptide 1 (GLP-1), an incretin hormone regulating glucose

homeostasis (Kim and Egan, 2008). Impairment of GLP-1-

induced insulin secretion is frequently found in patients

with T2D (Kjems et al., 2003). Recently, several groups
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have demonstrated highly efficient generation of insulin-

producing b cells with various key mature b-cell features

from PSCs (Pagliuca et al., 2014; Rezania et al., 2014; Russ

et al., 2015). However, stem cell-derived b cells did not

shownotable glucose and incretin responsiveness by the dy-

namicperifusion systemorwere analyzedonlyby staticGSIS

assays that do not detect the first-phase GSIS.

Studies have identified transcription factors critical for

b-cell development, maturation, or function. PDX1 is ex-

pressed at the 5- to 6-somite stage and is mandatory for

pancreatic organogenesis (Miki et al., 2012). PDX1 expres-

sion is followed by induction ofNKX2.2 (Sussel et al., 1998)

and downstreamNKX6.1 (Sander et al., 2000) in pancreatic

progenitor cells, which play critical roles in b-cell differen-

tiation. In uncommitted progenitors in the developing

pancreas, NEUROG3 is required for the specification of

the endocrine lineage (Gradwohl et al., 2000). Specifically,

transient NEUROG3 expression induces various transcrip-

tion factors important for endocrine cell-lineage differenti-

ation and b-cell function, including NEUROD1, ARX,

PAX6, and ISL1 (Collombat et al., 2003). In the later stages

of b-cell differentiation, MAFA and MAFB regulate b-cell

formation and maturation (Artner et al., 2010). In partic-

ular, MAFA binds to a conserved insulin enhancer element

RIPE3b/C1-A2 and enhances insulin gene expression as

well as glucose-responsive insulin secretion (Aguayo-Maz-

zucato et al., 2011). In developing and mature b cells,

PDX1 also binds insulin promoter to regulate insulin

expression (Iype et al., 2005). Moreover, ESRRG is induced

in adult b cells and plays a key role in b-cellmetabolicmatu-

ration (Yoshihara et al., 2016).

Previously, we have reported inconsistent induction of

PDX1 and that NKX6.1 is responsible for intrapatient vari-

ations among induced PSC (iPSC) clones in their b-cell

differentiation propensities (Thatava et al., 2013). Weak

in vitro induction of NKX6.1 also leads to lower maturation

of psBCs in vivo (Rezania et al., 2013).We therefore hypoth-

esized that improved b-cell specification by the introduc-

tion of key transcription factors would facilitate generation

of glucose-responsive psBCs in vitro. In this study, we

demonstrate generation of glucose- and GLP-1-responsive

psBCs in vitro through improved b-cell specification by

stepwise introduction of PDX1, NEUROG3, and MAFA

(PNM) in differentiating iPSC progeny.
RESULTS

Screening of b-Cell Transcription Factor(s) for

Improved Glucose- and GLP-1-Responsive Insulin

Secretion in psBCs

We produced lentiviral vectors carrying codon-optimized

open reading frames (ORFs) of transcription factors critical
308 Stem Cell Reports j Vol. 13 j 307–321 j August 13, 2019
for b-cell development and function, including PDX1,

NKX6.1, NKX2.2, MAFA, MAFB, NEUROD1, NEUROG3,

and ESRRG (Figure 1A). Vector titers were determined by

puromycin selection, and the expression of encoded trans-

gene proteins was verified in vector-infected 293T cells by

immunostaining with specific antibodies (Figure 1B).

Monolayer iPSCs underwent a guided differentiation pro-

cess for 3 weeks (Figure 1C). When differentiating iPSC

progeny at stage 1 (S1, day 2) was transduced by a control

EGFP-expressing lentiviral vector at an approximate

multiplicity of infection of 30, we found EGFP signals

throughout the differentiation process from S2 to S6 (Fig-

ure 1D, left panel). Flow-cytometry analysis demonstrated

that over 90% of cells were EGFP positive at the end of S6

(Figure 1D, right panel). Efficient EGFP transduction was

also found when iPSC progeny was transduced at other

stages.

To determine whether the introduction of a single, key

b-cell transcription factor could improve the glucose and

GLP-1 responsiveness of psBCs, we first transduced S1

iPSC progeny with a single lentiviral vector carrying a

b-cell factor. Since overexpression of PDX1, NEUROG3,

and MAFA has been shown to transdifferentiate various

cell types into insulin-producing cells (Zhu et al., 2017),

we also transduced iPSC progeny with a combination

of lentiviral vectors expressing the PNM triad at stages

1, 4, and 6, respectively. Perifusion experiments of S6

psBCs demonstrated very-low-level, non-glucose-respon-

sive C-peptide secretion by unmodified (NULL) or EGFP

vector-infected control cells (Figure 1E). Introduction of

PDX1, NKX6.1, NKX2.2, MAFA, MAFB, NEUROD1, or

ESRRG at S1 did not strongly affect C-peptide secretion

or glucose and GLP-1 responsiveness. In contrast, intro-

duction of NEUROG3 alone strongly enhanced the

insulin-secretory capacity of resulting psBCs, from up to

0.08 pg/mL of C-peptide secretion in unmodified control

psBCs and up to 36 pg/mL in NEUROG3-transduced psBCs

(Figure S1). Nevertheless, NEUROG3 transduction alone

did not improve glucose and GLP-1 responsiveness of re-

sulting psBCs. Notably, stepwise transduction of PDX1,

NEUROG3, and MAFA together (PNM) in differentiating

iPSC progeny ledwithin 3weeks to the generation of psBCs

with notable glucose andGLP-1 responsiveness, alongwith

increased insulin-secretory capacity.

Stepwise PDX1, NEUROG3, and MAFA Transduction

Facilitates Generation of Glucose- and GLP-1-

Responsive psBCs

To assess the reproducibility of generation of glucose- and

GLP-1-responsive psBCs by PNM transduction, we

analyzed the dynamics of C-peptide secretion from S6

psBCswith or without PNM transduction. After confirming

the expression of exogenous PDX1, NEUROG3, and MAFA



Figure 1. Screening of b-Cell Transcription
Factor(s) for Improved Glucose- and GLP-
1-Responsive Insulin Secretion in psBCs
(A) Schematic diagram of lentiviral vector
constructs.
(B) Expression of individual b-cell factors
(green). Scale bar, 10 mm.
(C) Summary of the six-stage differentiation
strategy.
(D) EGFP expression monitored by UV micro-
scope at S2, S5, and S6 (left panel). Repre-
sentative fluorescence-activated cell sorting
(FACS) plots for EGFP expression in control
and lentiviral (LV)-EGFP transduced (S1) cells
in the end of S6 stage (right panel). Phase,
phase contrast. Scale bar, 50 mm.
(E) Secretion of human C peptide by psBCs in
response to sequential stimulation of 4 mM,
16 mM, and 16 mM + GLP-1 glucose medium.
transgenes in S6 psBCs (Figure S2A), we observed rapid re-

sponses in C-peptide secretion from PNM-transduced S6

psBCs upon sequential increases of glucose levels from 4

to 16 mM, addition of GLP-1 to 16 mM glucose, and in

30-mMKCl depolarization (Figure 2A). The robust reaction

to high glucose solution highly resembled the pattern of

human islets under the same conditions (Bentsi-Barnes

et al., 2011) (Figure S2B).Whenwe assessed the fold change

of C-peptide levels within individual samples at the me-

dium-changing time points, we found a 2.1-fold increase
in 16-mM glucose stimulation at the 4-min time point

(p = 0.03), when compared with the levels at the last time

point in the previous stage. We also found immediate

2.2-fold increase in 16 mM glucose + GLP-1 (p < 0.001),

no significant change on reversion to 4 mM (p = 0.146),

and 10.7-fold increase in KCl treatment (p < 0.001). Addi-

tionally, one feature of immature fetal b cells is the exagger-

ated insulin secretion under low glucose (Blum et al.,

2012). However, we observed repressed C-peptide secretion

from PNM-transduced S6 psBCs in basal 4-mM glucose
Stem Cell Reports j Vol. 13 j 307–321 j August 13, 2019 309



Figure 2. PNM-Transduced psBCs Are
Responsive to Glucose and GLP-1 In Vitro
(A) Secretion of human C peptide by PNM-
transduced and untransduced control psBCs
(n = 3 independent experiments). Data
represent the means ± SEM.
(B) Levels of INS and NKX6.1 transcripts in S6
psBCs, relative to those of undifferentiated
iPSCs (n = 3 independent experiments). Data
represent the means ± SEM. *p < 0.05;
**p < 0.01; ***p < 0.001. Student’s unpaired
t test.
(C) Fold changes (FC) of C-peptide levels at
the 4-min time point in each stage relative to
the levels at the last time point in the basal
4 mM glucose (n = 3 independent experi-
ments). Data represent the means ± SEM.
*p < 0.05; **p < 0.01; ***p < 0.001. Com-
parison log2 fold change, one-sample t test.
treatment. Moreover, PNM-transduced S6 psBCs also dis-

played a clear first- and second-phase insulin response

upon 16-mM glucose treatment, which is another key

feature of mature b cells (Song et al., 2000, 2002). Together,

our data suggested that PNM transduction promotes the

differentiation of iPSCs to glucose-responsive, incretin

(GLP-1)-responsive mature b cells in vitro.

To further assess the contributions of PDX1 (S1),

NEUROG3 (S4), and MAFA (S6), we determined the impact

of transduction of different combinations of P/N/M. All
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psBCs that included NEUROG3 (NEUROG3 alone,

PDX1 + NEUROG3, NEUROG3 + MAFA, PDX1 +

NEUROG3 + MAFA) showed increased levels of INS and

NKX6.1 transcripts (Figure 2B). Transduction with PDX1

alone, MAFA alone, or both PDX1 and MAFA showed no

significant effect (Figure 2B). When we assessed the GSIS

of psBCs by the perifusion system, groups with NEUROG3

transduction exhibited higher baseline C-peptide secretion

as well as higher total secretable C-peptide contents,

whereas psBCs groups without NEUROG3 transduction



(legend on next page)
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showed little C-peptide secretion (Figure S2C). Among

these high C-peptide-releasing groups containing

NEUROG3 transduction, only the PNM transduction

group displayed significantly higher C-peptide levels at

16 mM (p = 0.033), 16 mM + GLP-1 (p = 0.005), and

upon KCl depolarization (p < 0.001) relative to the 4-mM

glucose baseline (Figure 2C). psBCs transduced with both

PDX1 and NEUROG3 showed a trend of enhanced C-pep-

tide secretion upon high glucose stimulation, whereas

transduction with NEUROG3 alone or MAFA + NEUROG3

led to no significant change in glucose-responsive C-pep-

tide secretion. These data indicate that NEUROG3 trans-

duction is critical in generating insulin-secreting b-like cells

from iPSCs, while additional PDX1 andMAFA transduction

is necessary to induce glucose responsiveness in psBCs.

Mature b-Cell Characteristics Found in PNM-

Transduced psBCs

We next characterized the expression of b-cell markers in

PNM-transduced (S6-PNM) and control (S6-NULL) psBCs.

Immunohistochemistry revealed that C-peptide signals

were frequently colocalized with insulin (INS) signals in

both S6-PNM and S6-NULL psBCs (Figure 3A, top row).

Pancreatic a-cell marker glucagon (GCG) and d-cell marker

somatostatin (SST) signals were also found, with somemul-

tihormonal psBCs in both groups (Figure 3A, bottom row).

In contrast, widespread expression of NKX6.1, NKX2.2,

and NEUROD1 was only seen in S6-PNM psBCs (Figure 3A,

second to fourth rows). This resulted in more frequent co-

expression of NKX6.1 (p < 0.001), NKX2.2 (p = 0.006),

and NEUROD1 (p = 0.004) in insulin-positive cells in

S6-PNM compared with S6-NULL psBCs (Figure 3B). These

observations indicate that stepwise PNM transduction pro-

motes the induction of key b-cell transcription factors

NKX6.1, NKX2.2, and NEUROD1 in insulin-producing

cells. Flow-cytometry analysis showed that S6-PNM popu-

lations contained 12.2% insulin-positive cells, compared

with 1.7% in the S6-NULL population (Figure 3C).

We also performed transmission electron microscopy

analysis to characterize ultrastructures of secretory granules

in S6-NULL and S6-PNM psBCs (Figure 3D). Consistent

with flow-cytometry analysis, we observed more cells

with endocrine granules in S6-PNM psBCs than in

S6-NULL psBCs. In S6-PNM psBCs, there were numerous
Figure 3. Induction of NKX6.1, NKX2.2, and NEUROD1 in PNM-Tra
(A) Representative immunofluorescent staining images of psBCs. Sca
(B) Quantification of colocalization of insulin and NKX6.1, insulin and
positive cells were counted in S6-PNM, n = 770 insulin-positive cells w
represent the means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. Stu
(C) Representative FACS plots for insulin and glucagon expression in p
SEM. *p < 0.05; **p < 0.01; ***p < 0.001. Student’s unpaired t test.
(D) Representative insulin granules (red arrows) and glucagon granu
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insulin granules with characteristic electron-dense crystal

cores surrounded by a light halo, similar to normal human

b-cell insulin granules (Deconinck et al., 1972). In contrast,

S6-NULL psBCs often presented both insulin granules and

glucagon granules characterized by larger dense cores and

grayer halo (Deconinck et al., 1972). These data further

support the improved maturation pattern of psBCs upon

stepwise PNM transduction.

Global Gene Expression Profiling Identifies

Accelerated Induction of Glucose Sensing and Insulin

Secretion Genes upon PNM Transduction

To further understand the impact of PNM transduction on

iPSC differentiation into psBCs, we performed next-gener-

ation RNA-sequencing analyses using RNA samples from

psBCs at the end of S5 (control S5-NULL cells versus

S5-PN cells, 13 days after differentiation, before S6 MAFA

transduction) as well as psBCs at the end of S6 (control

S6-NULL cells versus S6-PNM, 20 days after differentia-

tion). The top 30 upregulated genes for S5-PN and

S6-PNM identified key genes relevant to b-cell develop-

ment and function including INS, NKX2.2, NKX6.1,

PAX2, and PCSK1 (PC1), as well as insulin granule exocy-

tosis, such as CHGA, SCG2/CHGC, SCGN, CPLX1, and

CPLX2. The major T1D antigen genes, including INS, IA-2

(PTPRN), and GAD65 (GAD2), were also prioritized. Other

notable genes identified in both S5 and S6 include

SLC6A5/GLYT2, which controls a glycine-insulin autocrine

feedback, BHLHE22, regulating insulin gene expression

(Melkman-Zehavi et al., 2011), and a plasma membrane

Ca2+-ATPase, ATP2B2/PMCA2, which affects GSIS and

b-cell proliferation (Pachera et al., 2015) (Figure 4A).

Further analysis of sets of genes, associated with b-cell/islet

maturation, GSIS, L-type voltage-dependent calcium chan-

nel (VDCC), and ATP-sensitive potassium channel (KATP

channel), also identified significant upregulation of genes

underlying b-cell functionality, including GCK, ESRRG,

CHGB, SLC30A8, ABCC8, KCNJ11, and CACNA2D3 (Fig-

ure 4B). In addition, GCG and SST expression was also

upregulated, especially at S5, suggesting accelerated endo-

crine differentiation by PDX1 and NEUROG3 transduc-

tion. qRT-PCR analysis verified upregulation of key b-cell

factors in S5-PN and S6-PNM psBCs (Figure 4C). Of note,

when the top 30 downregulated genes were identified for
nsduced psBCs
le bars, 20 mm and 10 mm.
NKX2.2, or insulin and NEUROD1 in psBCs (in total n = 1,890 insulin-
ere counted in S6-NULL from n = 3 independent experiments). Data
dent’s unpaired t test.
sBCs (n = 3 independent experiments). Data represent the means ±

les (blue arrows). Scale bar, 200 nm.



Figure 4. Global Gene Expression Profiles of PN-Transduced S5 and PNM-Transduced S6 psBCs
(A) Heatmaps of top 30 upregulated genes. LogFC stands for the log2 fold change of expression level relative to control.
(B) Summary of differentially expressed genes. LogFC stands for the log2 fold change of expression level relative to control. *p < 0.05.
Student’s unpaired t test.
(C) qRT-PCR analysis for critical b-cell genes (n = 3 independent experiments). Data represent the means ± SEM. Different letters represent
statistically significant differences between two groups throughout four groups; one-way ANOVA with Tukey’s test for multiple
comparisons.
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Figure 5. PNM-Transduced psBCs Show Glucose-Responsive Insulin Secretion 1 Week Post Transplantation
(A) Experimental design for in vivo psBC analysis.
(B and C) Fasting and 30 min (following IPGTT) human C-peptide levels in mice. C-peptide levels from individual m are shown on scale bar-
and-whisker plots. Student’s paired t test. ns, not significant.

(legend continued on next page)
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S5-PN and S6-PNM (Figure S3A), a-fetoprotein (AFP), an

extraembryonic endoderm or hepatoblast marker, was

found as the most prominently suppressed gene upon

PNM transduction, suggesting improved b-cell specifica-

tion by PNM transduction in derived iPSC progeny. Further

comparison between S5-PN and S6-PNM psBCs showed

critical genes related to insulin secretion, b-cell matura-

tion/function, and ionic channels upregulated in S6-PNM

psBCs (Figures S3B and S3C). The upregulated differentially

expressed genes in S6-PNM psBCs were enriched in

signaling pathways including lysosome, axon guidance, in-

sulin secretion, glutamatergic synapse, insulin signaling,

endocrine, and other factor-regulated calcium reabsorp-

tion, confirming the extra benefits of MAFA transduction

at S6 (Figure S3D).

PNM Transduction in Other iPSC Lines

To evaluate the robustness of PNM transduction to

generate glucose- and incretin-responsive psBCs from

other iPSC lines, we differentiated an additional five iPSC

lines and assessed theGSIS of derived psBCs. Two iPSC lines

demonstrated dynamic glucose and GLP-1 responsiveness

upon PNM transduction, while three other clones showed

no enhanced glucose responsiveness (Figure S4), likely due

to extensive clonal variations in b-cell differentiation pro-

pensity among iPSC lines (Thatava et al., 2013).

PNM-Modified psBCs Demonstrate Glucose-

Responsive Insulin Secretion In Vivo

To evaluate the glucose-responsive insulin-secretory capac-

ity of PNM-modified psBCs in vivo, we transplanted approx-

imately 50 million S6 psBCs into the kidney capsules of

immunodeficient SCID-beige mice with streptozotocin-

induced diabetes (Figure 5A). We also transplanted a

human b-cell line as a control. When glucose-responsive

insulin secretion was monitored upon intraperitoneal

glucose administration, we found low levels of human C

peptide in circulation in S6-NULL and S6-PNM recipient

mice 1 week after transplantation. Importantly, levels of

circulating human C peptide were significantly increased

30 min after glucose challenge in S6-PNM recipient mice

(p = 0.003) (Figure 5B), although S6-NULL recipient mice

did not show in vivo glucose responsiveness. No notable
(D) Fasting blood glucose levels after transplantation in mice. Data
*p < 0.05. Student’s unpaired t test.
(E) Blood glucose levels during IPGTT in mice. Data represent the mean
control and S6-PNM, ‘‘b’’ represents a difference between control and
one-way ANOVA with Tukey’s test for multiple comparisons.
(F) Representative immunofluorescent staining images of psBC grafts
(G) Fluorescence intensity ratios of GCG to INS and SST to INS in imag
analyzed) and S6-PNM (n = 23 images, 5–6 images per mouse, 4 mice
**p < 0.01; ***p < 0.001. Student’s unpaired t test.
circulating human C peptide was seen in control mice,

while mice transplanted with the human b-cell line

showed no glucose responsiveness, but higher levels of

human C peptide before (average 15.1 pg/mL) and after

(average 18.4 pg/mL) glucose challenge. These data

demonstrate the glucose-responsive insulin-secretory ca-

pacity of PNM-transduced psBCs in vivo, as early as

1 week post transplantation.

Fasting human C-peptide levels in S6-PNM-transplanted

mice gradually increased over time, from 3 pg/mL at

1week to1,172pg/mLat 13weekspost transplantation (Fig-

ure S5A). GSIS was not detected at 3, 5, 9, and 13 weeks

(Figure 5C). Similar results were found in S6-NULL-trans-

planted mice (Figure 5C). However, fasting circulating

C-peptide levels were significantly lower in S6-NULL than

those observed in S6-PNM at weeks 11 (p = 0.047) and 13

(p = 0.048) (Figure S5A). Similarly, although blood glucose

levels after 16 h of fasting remained high in both S6-NULL

and S6-PNM psBCs-transplanted mice for 3 weeks,

S6-NULL- and S6-PNM-recipientmice started to show lower

blood glucose levels than controls at 8weeks post transplant

(Figure5D).Thebloodglucose levelswere significantly lower

in S6-PNMmice than those in S6-NULLmice at 9 (p = 0.022)

and 11 (p = 0.047) weeks post transplant (Figure 5D). To

assess the impact of psBC transplantation on the glucose

tolerance in vivo, we also conducted an intraperitoneal

glucose tolerance test (IPGTT) at 7 and 13 weeks post trans-

plant. There was no difference observed in glucose levels

among diabetic controls, S6-NULL recipient, and S6-PNM

recipientmice at 7weeks (Figure S5B).However, at 13weeks,

S6-PNM recipient mice displayed lower glucose levels than

S6-NULL at 90 min (p = 0.003), indicating superior glucose

regulation by S6-PNM over S6-NULL psBCs (Figure 5E).

Prospectively, 13 weeks after transplantation, we har-

vested the kidneys with psBC grafts from the recipient

mice. Further analysis revealed that the insulin-positive cells

inS6-PNMandS6-NULLgraftswere largelymonohormonal.

However, S6-PNM grafts contained rich clusters of insulin-

positive cells,whereas in S6-NULLgrafts the insulin-positive

cells were scattered (Figure 5F). Notably, insulin-positive

cells in S6-NULL were accompanied by significantly more

glucagon-positive (p = 0.007) and somatostatin-positive

cells (p < 0.001) compared with S6-PNM (Figure 5G),
represent the means ± SEM. Comparison of S6-PNM with S6-NULL,

s ± SEM. ‘‘a’’ represents a statistically significant difference between
S6-NULL, ‘‘c’’ represents a difference between S6-NULL and S6-PNM;

. Scale bar, 50 mm.
es of S6-NULL (n = 22 images, 5–6 images per mouse, 4 mice were
were analyzed) grafts. Data represent the means ± SEM. *p < 0.05;
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suggesting that the less mature S6-NULL cells may further

adopt a-cell and d-cell destiny in vivo.
DISCUSSION

Despite extensive progress in human PSC differentiation

protocols, in vitro generation of functional psBCs with dy-

namic glucose and incretin responsiveness has been an

ongoing challenge limiting the derivation of competent

cell therapies (Holditch et al., 2014). Most protocols failed

to show the first-phase insulin secretion of their b-cell

products upon glucose and GLP-1 stimulations. Addition-

ally, GSIS of psBCs has been assessed mainly by static

GSIS assays, which do not monitor first-phase GSIS and

can be affected by varying metabolites secreted by the cells

during the long incubation period with glucose. Here we

assessed psBCs in a perifusion system that mimics the

physiological glycemic environment and detects the first-

phase GSIS. Our data demonstrated that stepwise introduc-

tion of key transcription factors PDX1, NEUROG3, and

MAFA achieved reproducible generation of glucose- and

GLP-1-responsive psBCs in vitro. PNM transduction acceler-

ated psBC maturation through enhanced induction of key

b-cell factors related to glucose sensing and insulin secre-

tion. PNM transduction also improved b-cell specification,

implicated by potent induction of important b-cell factors,

such as NEUROD1, NKX6.1, NKX2.2, GCK, and GLP1R,

while suppressing the extraembryonic endoderm or hepa-

toblast marker AFP. Our study therefore suggests PNM

transduction facilitates in vitro generation of functional b

cells from human PSCs through improved b-cell specifica-

tion. The pre-achieved organotypic phenotype offered a

proficient biotherapeutics capable to reverse symptoms of

diabetes post transplantation.

Neonatal b cells are characterized by poor glucose respon-

siveness with a generalized immaturity of the metabolic

pathways, and only gain robust glucose responsiveness

several weeks after birth (Jermendy et al., 2011). Human

psBCs typically show characteristics reminiscent of

neonatal b cells. Various studies have demonstrated gener-

ation of glucose-responsive psBCs through in vivo matura-

tion (Kroon et al., 2008; Rezania et al., 2014), with more

accelerated maturation in rats than mice (Bruin et al.,

2015a, 2015b). Those observations indicate the roles of

extracellular stimuli for acquisition of mature b-cell fate.

Accordingly, the field has been searching for small mole-

cules/growth factors that can induce maturation of psBCs,

and identified factors, such as thyroid hormone or b-cellu-

lin, that have been included in prolonged in vitro psBC

maturation processes (Aguayo-Mazzucato et al., 2013;

Pagliuca et al., 2014; Rezania et al., 2014; Russ et al.,

2015).We showed that PNM transduction facilitates gener-
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ation of glucose- and GLP-1-responsive psBCs in 3 weeks

without prolonged in vitro culture or in vivo additional

maturation steps, implying that PNM transduction can

substitute critical external stimuli provided through in vivo

maturation or prolonged in vitromaturation steps. Consid-

ering that NEUROG3 alone can strongly enhance expres-

sion of INS and NKX6.1 and insulin-secretory capacity,

this further supports that NEUROG3 transduction plays

the key role in improved iPSC differentiation into mature

b cells upon PNM transduction (McGrath et al., 2015) Addi-

tionally, transduction of MAFA, the major transcription

factor for b-cell maturation in neonatal b cells, contributes

to the accelerated psBCmaturation. However, single MAFA

transduction at S1 or transduction of S4 NEUROG3 plus S5

MAFA failed to induce glucose responsiveness in psBCs,

indicating that MAFA and NEUROG3 transduction are

not sufficient for reproducible in vitro psBC maturation.

In contrast, psBCs with dual PDX1 and NEUROG3 trans-

duction showed a trend of GSIS, suggesting an important

role of PDX1 transduction in accelerated psBCmaturation.

Since PDX1 deficiency impairs GSIS through mitochon-

drial dysfunction (Gauthier et al., 2009), it is plausible

that PDX1 transduction contributes to GSIS in psBCs in

addition to improved pancreatic specification. Use of an

inducible transgene expression system for PNM transduc-

tion/shutdown will clarify the contributions of each factor

to improved iPSC differentiation or psBC maturation.

Previous studies have demonstrated that simultaneous

transduction of PDX1, NEUROG3, and MAFA achieves

transdifferentiation of pancreatic exocrine, liver, or intes-

tine cells into insulin-producing cells (Zhu et al., 2017).

However, these (re)differentiation strategies appeared to

be insufficient in generating authentic b cells that display

b-cell morphology and robust glucose and incretin respon-

siveness. Recently, Saxena et al. (2016) reported improved

psBC generation from iPSCs through the introduction of

two expression constructs; one for bicistronic PDX1-

MAFA fusion protein linked by a self-cleaving 2A peptide

and another for NEUROG3. Derived psBCs showed glucose

responsiveness by a static GSIS assay. In contrast to prior

studies, our study delivered PNM at different steps during

iPSCs-to-b-cell differentiating process based on known

expressing patterns of each factor (Brissova et al., 2002;

Gradwohl et al., 2000; Holland et al., 2002; Matsuoka

et al., 2003, 2004). Specifically, we delivered PNM at stages

1, 4, and 6, respectively. Our stepwise gene delivery strategy

strongly enhanced iPSC differentiation into mature b cells,

resulting in generation of functional psBCs with clear

glucose and GLP-1 responsiveness, demonstrated by a

real-time GSIS assay underscoring the permissive timeline

of sequential tissue-specific programming.

Insulin is secreted through granule exocytosis. In

response to glucose metabolism, inhibition of KATP



channels and elevation of intracellular calcium levels lead

to insulin vesicle fusion to the b-cell membrane with insu-

lin secretion disorders precipitated by KATP channelop-

athy (Gauthier and Wollheim, 2008; Olson and Terzic,

2010; Takahashi et al., 2010). Intriguingly, PNM modifica-

tion led to upregulation of genes involved in insulin release

and VDCC- and KATP-channel activities, such as ABCC8

(Babenko et al., 2006), KCNJ11 (Gloyn et al., 2004),

CACNA1D (Reinbothe et al., 2013), and SCGN (Yang

et al., 2016). Other genes critical in glucose sensing or insu-

lin secretion were also largely elevated, including SLC6A5

(Yan-Do et al., 2016), ESRRG (Yoshihara et al., 2016),

SLC30A8 (Wijesekara et al., 2010), and GCK (Matschinsky

et al., 2006). Intriguingly, SLC6A5 was identified as one of

the top upregulated genes upon PNM transduction.

SLC6A5 regulates the expression of glycine transporter 2

(GlyT2), which is expressed on human b cells andmediates

the transportation of glycine, a neurotransmitter critical for

coordinating insulin secretion bymodulating the electrical

activity of b cells via ionic channels and receptors. Addi-

tionally, PNM transduction enhanced GLP1R expression,

which likely sensitized derived psBCs to incretin stimula-

tion. These observations highlight the multifaceted effects

of PNM transduction during iPSC differentiation into func-

tional psBCs. Comparing our protocol with previously

reported protocols is warranted in order to further under-

stand the mechanism and inform future studies.

Previously, we have reported prominent intrapatient var-

iations in psBC differentiation propensities among iPSC

clones from T1D patients (Thatava et al., 2013). We found

that PNM transduction led to more consistent generation

of mature psBCs from iPSCs. Since PNM transduction

strongly enhanced expression of major T1D antigen genes,

such as INS/Proinsulin, PTPRN/IA-2, and GAD2/GAD65,

PNM-modified psBCs from T1D patients would provide

excellent research tools to model patient-specific autoim-

mune responses to b cells in vitro.

We also found that single transduction of PDX1, MAFA,

NEUROD1, NKX2.2, NKX6.1, MAFB, or ESRRG alone did

not improve insulin secretion or glucose responsiveness

of psBCs. This is likely due to insufficient b-cell specifi-

cation in the absence of trans-supplementation of

NEUROG3. It is noteworthy that endogenous NEUROD1,

NKX2.2, NKX6.1, and ESRRG were all highly upregulated

upon PNM transduction, suggesting limited additive

b-cell maturation effects by additional NEUROD1,

NKX2.2, NKX6.1, and ESRRG transduction in PNM-modi-

fied psBCs.

We acknowledge that a yield of 12% insulin-positive cells

upon PNM transduction is relatively low when compared

with previous studies mainly using embryonic stem cells

(Kroon et al., 2008; Pagliuca et al., 2014; Rezania et al.,

2014). This is largely due to the high clonal and intrapa-
tient variations in iPSC differentiation into insulin-produc-

ing cells, as we and others have described (Tateishi et al.,

2008; Maehr et al., 2009; Thatava et al., 2013). It is also

notable that introduction of NEUROG3 alone strongly

enhanced induction of insulin gene; however, derived cells

failed to show glucose responsiveness (Figures 2B and 2C).

Very recently we found a small molecule that strongly

enhanced iPSC differentiation into insulin-positive b cells

(J.M.T. et al., unpublished data [manuscript in prepara-

tion]). With this small molecule, we were able to make up

to 20% insulin-positive cells from iPSC clone BM9 without

PNM introduction. However, these cells did not show

glucose responsiveness by the perifusion system. These ob-

servations suggest that generation of insulin-producing

cells and induction of glucose responsiveness in insulin-

positive cells are regulated by independent mechanisms.

With our stepwise PNM transduction strategy, we clearly

demonstrated that PNM addition improved the differenti-

ation efficiency and,more importantly, improved the qual-

ity of derived b cells, which marks considerable progress

compared with previous studies. It is also noteworthy

that our data provide an important implication for future

translational applications. Improved PNM expression by

clinically relevant strategies, such as RNA transfection or

addition of small molecules or cytokines to enhance

expression of endogenous PNM factors, together with

PSC lines with high b-cell differentiation propensity, would

allow more mature b-cell generation from PSCs for

transplantation.

After transplanting the PNM-transduced psBCs into

immunodeficient diabetic mice, we were able to detect

glucose-responsive human C-peptide secretion as early as

1 week after surgery, indicating the functionality of psBCs

in vivo. However, the levels of C-peptide secretion were

low and we found no effects on glucose handling or fasting

blood glucose levels until 9 weeks post transplantation,

possibly due to slower vascularization (Mattsson et al.,

2002) and adaptation of the transplanted cells. Neverthe-

less, PNM-transduced cells exhibited better diabetes-

reversal effects, better glucose-clearance ability, and richer

expression of insulin in excised grafts, indicating a thera-

peutic effect superior to that of S6-NULL psBCs. Unexpect-

edly, we did not see obvious GSIS by 30-min IPGTT tests in

S6-PNM psBCs. We speculate that sustained NEUROG3

expression in PNM-transduced psBCs had negative impacts

on long-term psBC function. Further analysis using an

inducible NEUROG3-expression vector will elucidate the

influence of NEUROG3 expression on sustained psBC func-

tionality in vivo.

In summary, our study demonstrates successful genera-

tion of glucose- and GLP-1-responsive psBCs in vitro using

a streamlined multifactor approach to ensure pre-emptive

differentiation and lasting organotypic orientation after
Stem Cell Reports j Vol. 13 j 307–321 j August 13, 2019 317



transplantation. While lineage-specification protocols

have been implemented in regenerative clinical develop-

ment strategies within and beyond (Terzic and Behfar,

2016) endocrinology, adoption of a reproducible and scal-

able platform for derivation of competent and proficient bi-

ologics would further accelerate diagnostic and therapeutic

applications.
EXPERIMENTAL PROCEDURES

Cells
Commercially available iPSC lines IISH2i-BM9 (WiCell, Madison,

WI), and in-house iPSC lines #A, #B, #C, #D, and #E were tested

for b-cell propensity.

Lentiviral Vectors
Lentiviral vector genome plasmid, pSIN-CSGW-PKG-puro, which

supports EGFP expression and puromycin selection,was kindly pro-

videdbyDr.Paul Lehner (Cambridge Institute forMedical Research).

Codon-optimizedORF sequences for b-cell factors, including PDX1,

NEUROG3, NKX2.2, NKX6.1, NEUROD1, MAFA, MAFB, and

ESRRG, were designed and synthesized (GenScript, Piscataway,

NJ), and cloned into the place of the EGFP gene in pSIN-CSGW-

PKG-puro with the unique BamHI and XhoI sites.

Guided Differentiation and Stepwise Lentiviral Vector

Transduction
The basic differentiation strategywithout viral vector transduction

was a modified version of the previously published protocols. The

detailed differentiation protocol is available in Supplemental

Information.

qRT-PCR
For qRT-PCR, total RNA from differentiated iPSCs at indicated time

points was isolated using TRIzol according to the manufacturer’s

instructions. cDNAs were then synthesized by reverse transcrip-

tion from 200 ng of total RNA. The sequences of the primers

used for qRT-PCR are listed in Table S1.

RNA Sequencing
For RNA sequencing, a total of 200 ng of RNA from differentiated

iPSCs at indicated time points was isolated using an RNeasy Mini

Kit. Library preparation (TruSeq mRNA v2 [TMRNA]) and next-

generation sequencing and analysis (standard secondary analysis

pipeline, MAPRSeq) were performed in the Mayo Clinic

Sequencing and Bioinformatics Cores. GEO: GSE133731.

Immunofluorescence Staining
Lentiviral vector-infected 293T cells, undifferentiated iPSCs, and

cryosections of mouse kidneys with the grafts were fixed with

4% paraformaldehyde (PFA) for 20 min. After fixation, cells were

washed once with PBS and permeabilized with 0.3% Triton

X-100 in PBS for 10 min. Cells were then washed with PBS twice

and blocked with 5% fetal bovine serum (FBS) in PBS for 1 h. Cells

were incubated overnight with specific antibodies at 4�C, followed
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by incubation with secondary antibodies for 1 h at room

temperature.

Flow Cytometry
iPSC-derived psBCs were dispersed into single-cell suspension.

Cells were incubated overnight with specific antibodies at 4�C. Af-
ter washing three times with 5% FBS, cells were stained with sec-

ondary antibodies. Cells were then washed and filtered through

a 35-mm mesh Falcon tube, and analyzed using the LSR-II flow cy-

tometer (BD Biosciences). Analysis of the results was performed us-

ing FlowJo software.

Electron Microscopy
iPSC-derived psBCs were fixed at room temperature. Cell samples

were processed and analyzed by transmission electronmicroscopy

at the Mayo Clinic Microscopy and Cell Analysis Core.

In Vitro GSIS Assay
We used an islet perifusion system (Biorep Technologies, Miami

Lakes, FL). Detailed methods are available in Supplemental

Information.

Mice Transplantation Studies
All animal experiments were performed in accordance with Mayo

Clinic International Animal Care and Use Committee regulations.

Immunodeficient Fox Chase SCID-Beige mice, aged 8–10 weeks,

were purchased from Charles River Laboratory. Detailed methods

are available in Supplemental Information.

Intraperitoneal Glucose Tolerance Test
For measurement of glucose-handling capacity in vivo, mice were

fasted (16 h) and blood glucose was tested at 0, 30, 60, 90, and

120 min after intraperitoneal injection of D-(+)-glucose at 2 g/kg

body weight.

Sample Size and Statistical Analysis
All data represent the means ± SEM of three to nine samples, as

indicated in the figure legends. Group comparisons were analyzed

by unpaired or paired t tests, one-sample t test, and one-way

ANOVAwith Tukey’s test using IBM SPSS Statistics v.22. Bar graphs,

heatmaps, curves, and box-and-whisker plots were generated with

GraphPad Prism7 and Excel 2010. Detailed methods are available

in Supplemental Information.

Data Availability
All relevant data are available from the corresponding author on

request.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/

10.1016/j.stemcr.2019.07.006.
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