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Abstract

Despite advances in the differentiation of insulin-producing cells from human embryonic stem
cells, the generation of mature functional B cells in vitro has remained elusive. To accomplish this
goal, we have developed cell culture conditions to closely mimic events occurring during
pancreatic islet organogenesis and B cell maturation. In particular, we have focused on
recapitulating endocrine cell clustering by isolating and reaggregating immature B-like cells to
form islet-sized enriched p-clusters (eBCs). eBCs display physiological properties analogous to
primary human B cells, including robust dynamic insulin secretion, increased calcium signalling in
response to secretagogues, and improved mitochondrial energization. Notably, endocrine cell
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clustering induces metabolic maturation by driving mitochondrial oxidative respiration, a process
central to stimulus-secretion coupling in mature B cells. eBCs display glucose-stimulated insulin
secretion as early as three days after transplantation in mice. In summary, replicating aspects of
endocrine cell clustering permits the generation of stem-cell-derived p cells that resemble their
endogenous counterparts.

Pancreatic B cells are highly specialized nutrient sensors that efficiently regulate blood
glucose levels, and their destruction and/or dysfunction causes type 1 and type 2 diabetes.
Current therapy involves exogenous insulin administration that cannot fully replicate the
rigorous glycaemic control provided by endogenous B cells. Islet transplantation can serve
as an effective intervention for restoring normoglycaemia, but the demand for islets far
outstrips the supply. Considering the unlimited potential of human pluripotent stem cells
(hPSCs) for self-renewal, generation of functional p cells from hPSCs has emerged as an
attractive alternative. Although recent reports2=4, including studies from our own group,
describe B and p-like cell formation from hPSCs, these cells possess limited functionality.
And while a minority of B-like cells display calcium responses to glucose, these are slower
and smaller in amplitude compared to adult islets3. B-like cells also do not terminate calcium
influx when glucose is withdrawn, and fail to rapidly secrete insulin in dynamic perifusion
assays, indicating an absent or delayed first-phase insulin secretion3. Dynamic insulin
secretion tests demonstrating appropriate temporal responses to glucose stimulation were not
reported for other hPSC-derived insulin-secreting cells?#. Unlike human islets that function
immediately, these hPSC-derived insulin-secreting cells respond to in vivo glucose
challenges only 2—6 weeks after transplantation~4. Despite progress in generating insulin-
producing cells, developing conditions conducive for the maturation of hPSC-derived B cells
in vitro without genetic modifications has been difficult®.

B cell maturation occurs gradually during rodent5=2 and human1911 postnatal development.
The process is characterized by acquisition of robust glucose-stimulated insulin secretion
(GSIS) at the correct physiological set point to prevent hypo- and hypergly-caemia®®.
Dramatic changes in the B cell have been associated with maturation, including both
enhanced expression of transcription factors such as Meurod, Nkx6.1, Pdx1, Pax6, Mafband
Mafa’12-15 and repression of “disallowed’ genes such as HkZ, Lahaand MctP16. A
metabolic switch from anaerobic glycolysis to mitochondrial oxidative phosphorylation in
maturing cells is key to enabling and enhancing B cell function. For example, ectopic
expression of a mitochondrial regulator, ERRY, led to enhanced function of hPSC-derived f-
like cells®. Although evidence indicates changes in gene expression between young and
adult human B cells!9, the precise temporal dynamics of human B cell maturation remain
unclear.

In addition to the intracellular processes described above, significant cellular reorganization
involving endocrine cell clustering, compaction and formation of definitive islets proceed
well into postnatal development and coincide with maturation. Studies of pancreas
organogenesis in vivo have shown that endocrine hormone-expressing cells first appear
scattered in the pancreatic epithelium, subsequently delaminating and aggregating into islet-
like clusters where they acquire functional maturity1:17-19_In contrast, in vitro hPSC
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differentiation protocols produce a mixed population of PDX1*/NKX6.1*pancreatic
progenitors intermingled with differentiating endocrine cells that are immature, possibly
because delamination and clustering events occuring during endogenous islet formation and
maturation are not incorporated.

Here, we aimed to mimic endogenous endocrine cell clustering by reaggregating immature
B-like cells generated from hPSCs into enriched p-clusters (eBCs). eBCs display enhanced
functional properties in vitro and in vivo, analogous to human islet p cells. Coalescence of
immature B-like cells induces metabolic maturation and drives mitochondrial oxidative
respiration, processes reported to occur in rodent models. The resulting mature p cells
closely resemble primary adult p cells by transcriptome, physiological and functional
analyses. Our findings suggest endocrine cell clustering is a vital step in hPSC-derived p-
like cell maturation in cell culture.

Recapitulating endocrine cell clustering promotes formation of islet-like structures in vitro.

As described previously, current hPSC-to-p-cell differentiation protocols generate a mixed
population of cells at various developmental stages, including cells committed to the
endocrine lineage, PDX1*/NKX6.1* pancreatic progenitors and potentially rare
undifferentiated stem cells. These protocols do not recapitulate the critical process of
endocrine cell clustering that occurs during islet formation in vivo, which is a prerequisite
for functional maturation?-18:20, \We sought to mimic this process in vitro by reaggregating
hPSC-derived B-like cells into clusters. Using the INSCFPW reporter cell line, we first
optimized our previously published differentiation protocol* to produce sufficient numbers
of monohormonal C-peptide™ cells in 19-20 days (d19-20) (mean + s.e.m. = 54.8 + 1.5%)
(Fig. 1a). A large proportion of the cells are co-positive for C-peptide and key p cell markers
(Supplementary Table 1, Fig. 1d and Supplementary Fig. 1a). However, these
monohormonal C-peptide™ cells are not fully functional (Fig. 2a) and therefore represent
immature B-like cells. On comparison of multiple functional aspects as well as gene
expression profiles, these d19-20 cells appear to correspond closely to the end stage cells
reported in current protocols?—4. Next, we isolated live INSCFP* B-like cells (~45-50% of
d20 cells) by fluorescence-activated cell sorting (FACS) and reaggregated them into clusters
in pre-patterned chambers of Aggrewell-400 plates at a density of 1,000 cells per cluster to
mimic the average number of B cells in one human islet equivalent?! (Fig. 1a). The GFP-
sorted cells self-organized into ~100 um-sized clusters after two days (Fig. 1a), and were
cultured for an additional five to seven days (d26-28). Given the high percentage of C-
peptide* cells in these clusters, we henceforth refer to them as eBCs.

eBCs were exclusively endocrine. 99% of cells expressed chromogranin A (Supplementary
Fig. 1a) and all cells stained for synaptophysin (Supplementary Fig. 2, bottom). Duct and
acinar cells marked by SOX9 (which also marks pancreas progenitor cells; Supplementary
Fig. 2, middle), CK19 or amylase (Supplementary Fig. 2, bottom), were absent. Within the
endocrine subtypes, eBCs mainly consisted of monohormonal C-peptide* cells, with rare
cells co-expressing C-peptide and glucagon or somatostatin (Fig. 1b). Quantitative
assessment via flow cytometry revealed a significant enrichment of C-peptide* and C-
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peptidet/NKX6.1* double-positive cells in the eBCs compared to d20 clusters (Fig. 1c).
85% (mean + s.e.m. = 78.1 £ 1.8%, /7= 10 independent experiments) of eBC cells co-
expressed C-peptide and NKX6.1, the transcription factor essential for maintaining the
functional state of mature B cells?2. Nuclear staining of NKX6.1 and PDX1 was observed in
C-peptide* cells (Supplementary Fig. 2, top). Approximately 90% (mean * s.e.m. = 83.5

+ 1.7%, n= 10 independent experiments) of the cells were C-peptide*/glucagon™, ~4-12%
(mean % s.e.m. = 8.6 + 0.9%) were C-peptide*/glucagon™ (Fig. 1c) and ~8% were C-peptide
*/somatostatin® (Supplementary Fig. 1a). A time-course analysis of endocrine differentiation
from pancreatic progenitors (d11) to eBCs (d27) by flow cytometry demonstrated the
progressive appearance of C-peptide* cells and increasing co-expression of endocrine/B-cell-
specific markers of maturation, such as the transcription factors NEUROD112, ISL123 and
PAX613, and the dense core granule component CHGA24 (Supplementary Fig. 1a). We
observed a significant increase in the intensity of C-peptide expression in eBC B cells
compared with d20 B-like cells (Supplementary Fig. 1a; quantified in Supplementary Fig.
1b). Similar patterns were also observed in the intensities of PDX1, ISL1, PAX6 and CHGA
(Supplementary Fig. 1a). The robustness of our protocol is indicated by the consistent
generation of eBCs enriched for C-peptide and key p cell markers over ten batches of
differentiation (Fig. 1d and Supplementary Table 1). eBCs were depleted of undifferentiated
pancreatic epithelial progenitors that may give rise to tumours in vivo (PDX1*/NKX6.1*/C-
peptide™) (Fig. 1d, Supplementary Table 1 and Supplementary Fig. 1a). Our data indicate
that reaggregation of immature B-like cells followed by extended culture results in islet-like
endocrine clusters with enhanced expression of p cell markers.

eBCs display physiological properties similar to human islets in vitro.

Current hPSC-derived B cells? do not respond well to dynamic glucose challenges. To
determine whether the enhanced expression of 8 cell markers upon reaggregation correlates
with mature function, we tested the dynamic response of eBCs to secretagogues such as
glucose, KCI and GLP-1 in a perifusion system. A rapid and marked first-phase response to
glucose was observed similar to human islets, albeit at somewhat lower levels (Fig. 2a). In
contrast, d20 clusters did not respond to glucose, confirming they are immature p-like cells.
The second-phase response in eBCs was not sustained. Similarly to human islets, eBCs also
responded to the GLP-1 receptor agonist exendin-4 in the presence of high glucose (Fig. 2a).
Area under the curve (AUC) analyses revealed responses of eBCs as significantly higher
than that of d20 clusters (Supplementary Fig. 3a). Insulin secretion and transcription are less
than that observed with human islets (Supplementary Figs. 3a and 4a), a defect that is likely
due to the loss of one insulin allele that is replaced by GFP in the INSCFP/W Jine. To discern
whether this improved functional property is due to endocrine cell clustering or extended
culture of eBCs, we used d27 non-enriched clusters (NECs) that were reaggregated in the
same manner as eBCs but without GFP sorting. NECs responded to KCI but not to glucose,
indicating that endocrine cell sorting and clustering confers mature p cell function to eBCs
(Supplementary Fig. 3b). Maturation takes 7-8 days following endocrine cell clustering
since eBCs are not yet functional two days after reaggregation (Supplementary Fig. 3c).
Successive glucose stimulations resulted in distinct first-phase responses, indicating the
presence of a readily releasable pool of granules primed for secretion in eBCs
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(Supplementary Fig. 3d). As expected from mature { cells, insulin secretion stops at low
glucose concentrations.

To further assess the functional maturation status of eBCs, we investigated the cascade of
molecular events preceding insulin secretion in detail. First, we examined the cytosolic
calcium flux essential for stimulus—secretion coupling. d20 clusters, which contain
progenitors and endocrine cells, displayed a slow rise in calcium flux upon stimulation with
high glucose, which did not terminate after the reduction of glucose levels to baseline (black
graph in Fig. 2b; see also Supplementary Fig. 3e). This observation is consistent with those
previously reported in other B-like cells3. In contrast, all eBCs showed a significant and
rapid increase in calcium influx following stimulation with high glucose and KCI, and the
flux returned to baseline in many eBCs when the glucose concentration was lowered. eBCs
thus had a profile closely resembling human islets (Fig. 2b and Supplementary Fig. 3e),
suggesting appropriate activity of the voltage-dependent calcium channels. Less optimal
responses in calcium flux observed in some eBCs are also commonly found in human islet
preparations (Supplementary Fig. 3f). Next, we assessed the robustness of the K*-ATP
channels that close in response to an increase in ATP/ADP ratio, a step preceding calcium
influx. eBCs rapidly increased calcium flux and secreted insulin upon tolbutamide treatment,
a sulfonylurea that closes K*-ATP channels (Fig. 2c). eBCs thus display many physiological
properties of mature adult B cells, including dynamic insulin secretion, calcium signalling
and sulfonylurea response.

Transcriptome-wide analysis of eBCs reveals hallmarks of function and maturation.

In vitro physiological analyses implied that clustering of B cells confers improved functional
properties. To determine the gene expression changes induced in p-like cells following
clustering, we performed qPCR analysis of sorted B-like cells (INSCFP-high+) from d20
clusters and eBCs (Supplementary Fig. 4a). Expression of canonical B cell markers such as
PDX1 and NKX6.1 did not change. However, levels of NEURODI1, PAX6, MAFB and
SLC30A8, implicated in maturation and maintenance of @ cell identity and function10-13.15
were significantly higher in eBCs than in d20 INSGFP-high* ce||s. Expression of the
endocrine progenitor marker NEUROG3was lower in eBCs than in d20 INSCFP-high+ ce||s,
further validating the immature nature of d20 p-like cells. Compared to human islets, eBCs
expressed similar levels of B cell regulators (PDX1, NKX6.1, NKX2.2, PAX6 and MAFB),
progenitor markers (VEUROG3 and SOX9) and insulin synthesis and secretion machinery
(INS, SLC30A8, KCNJ11, GLIS3, PCSK2and GLUT-1) (Supplementary Fig. 4a—c). The
expression levels of some genes encoding the insulin secretion machinery (ABCC8, PCSK1,
KCNKD3) vary widely in human islet preparations, but were not statistically significantly
different from the levels in eBCs. Given that MAFA transcripts are not elevated in human
islets until pubertyl0, it is not surprising that levels of this transcription factor were lower in
eBCs than in adult human islets. Of note, MAFB levels are higher than MAFA levels in
juvenile human B cells and eBCs (Supplementary Fig. 4a). Genes reported to be expressed at
lower levels in previous protocols, including PAX6S, KCNK®, GL153 and PCSKZ, are
expressed similarly in eBCs and human islets/p cells (Supplementary Fig. 4). We observed
equivalent levels of GLUT (the predominate glucose transporter in human insulin-
producing cells) in both eBCs and human B cells.
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To further elucidate why eBCs display significantly better functional properties than d20
clusters, we conducted genome-wide transcriptome analysis of INSCFP-Nigh+ cells sorted
from eBCs and d20 clusters. Gene set enrichment analysis (GSEA) revealed that gene sets
significantly upregulated in eBCs include oxidative phosphorylation, protein secretion,
ribosomal constituents and various metabolic pathways such as the TCA cycle (Fig. 3a—c),
all of which have been implicated in B cell maturation in mice®2%26, | eading edge genes in
the GSEA upregulated in eBCs are known to regulate aspects of B cell function, including
components of the mitochondrial malateaspartate shuttle (SLC25A12/ARALARI), ATP
synthase subunits (ATP5L, ATP5C1, ATP6V1D), SNARE protein complexes and syntaxins
critical for insulin secretion (SNAPZ23, VAMP4), a synaptotagamin that was recently
implicated in maturation (SY7427) and calcium sensors (SCGN) (Fig. 3c and Supplementary
Table 5). These genes have not previously been implicated in the maturation of stem-cell-
derived B cells?3. In contrast, gene sets enriched in neonatal mouse and human fetal B
cells28.2% were upregulated in d20/immature B-like cells, including mitotic pathways, steroid
bio-synthesis, cell adhesion, hypoxia, Notch signalling and mitogen-activated protein kinase
(MAPK) (Fig. 3a—c).

Since protein secretion and ribosome gene sets were upregulated in INSCGFP-high* ces of
eBCs, we investigated the structure and composition of the main cargo of B cells, the insulin
granules. The eBC p cells contained granules with the typical electron dense core and
electron light halo (Fig. 3d) and had significantly lower percentages of immature granules
(marked by diffuse electron density) than d20 p-like cells (Fig. 3e). The ratio of fully
processed insulin versus pro-insulin was significantly higher in eBC B cells compared to d20
B-like cells (Fig. 3f). These results suggest the presence of mature granules in eBC B cells
containing fully processed insulin.

Emerging evidence indicates that p cell maturation also requires the reduction of
‘disallowed’ genes that interfere with glucose sensing. Since DNA methylation has been
implicated in repression of gene expression?, we analysed CpG-rich regions within loci of
the critical glucose-secretion decoupling genes HKZ and LDHA. Bisulfite sequencing of
differentially methylated regions of #KZand LDHA in eBCs showed hypermethylation
similar to the pattern observed in human islets in previous reports (Fig. 3g)°. Analysis of the
transcript levels of these genes in eBCs and human islets by gPCR confirmed their low
expression (Fig. 3h). Furthermore, RNA-seq on INSGFP-high* ce||s isolated from immature
d20 clusters, NECs and eBCs revealed higher expression of key disallowed genes (HKZ,
LDHA and MCT1I) in d20 B-like cells compared to eBC p cells (Supplementary Fig. 5).
These findings suggest that a metabolic switch from anaerobic to aerobic glycolysis,
reported during B cell maturation, has occurred in eBC B cells.

B cells residing in a highly enriched endocrine niche are distinct from p cells in a
progenitor-rich niche.

Our data so far indicate that B cells in eBCs are more mature than those in d20 clusters. To
determine if endocrine cell coalescence drives maturation, and to investigate the changes

induced by this process, we analysed RNA-seq data from INSCFP-high* ce|ls isolated from
d20 clusters, NECs and eBCs as shown in Fig. 4a. Heat map and hierarchical clustering of
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the three types of B cell populations showed that B cells from d20 and d27 NEC populations
cluster together and are distinct from @ cells found in d27 eBCs (Fig. 4b). 1,068 genes were
differentially expressed between B cells from d27 eBCs and d20 immature clusters, and 937
genes were differentially expressed between B cells from d27 eBCs and d27 NEC:s (fold
change (FC) = 2; false discovery rate (FDR) = 0.05). We conducted GSEA with gene sets
related to OXPHOS, the top hit in the “Hallmark’ collection (Fig. 3b,c). Several gene sets,
including ‘electron transport chain (ETC), ‘mitochondrial respiratory complex 1 biogenesis’,
“TCA cycle’ and ‘mitochondrial ATP synthesis coupled proton transport’, were significantly
upregulated in B cells of eBCs compared with p cells of both d20 immature clusters and d27
NECs (Fig. 4c). A heat map of the leading edge ETC genes enriched in eBC § cells is shown
in Fig. 4d.

Finally, we compared the transcriptome of B cells from eBCs to p cells isolated from adult
human islets using antibodies reported previously39. A scatter plot of all protein coding
genes shows a high degree of correlation between the two types of § cells (Pearson
correlation coefficient = 0.86 and Avalue < 2.2 x 10716) (Fig. 4e), high-lighting that B cells
within eBCs are nearly equivalent to primary p cells. There were 4,156 genes differentially
expressed between d20 B-like cells and islet 8 cells, and 4,280 between NEC £ cells and
islet B cells (FC = 2; FDR = 0.05). In contrast, only 3,313 genes out of a total of ~20,000
were differentially expressed between eBC B cells and islet B cells under stringent
conditions (FC = 2; FDR = 0.05; Fig. 4f) and just 1,410 with relaxed exclusion criteria (FC =
5). The presence of non-f cells in eBCs (bihormonal insulin/glucagon and insulin/
somatostatin co-positive cells; Supplementary Fig. 1a) account for part of the differences in
gene expression between eBCs and islet p cells. GSEA of the pathways enriched in Fig. 4
yielded lower NES scores and higher FDR Q values when the comparison was made
between islet B cells and eBC than between islet § cells and NEC/d20 B-like cells
(Supplementary Table 6), further supporting that eBC B cells are more mature than NEC/d20
B-like cells. Thus, by multiple criteria, reaggregation of immature INSCFP* cells followed by
extended culture results in mature functional B cells closely resembling human islet § cells.

B cell clustering induces metabolic maturation of mitochondria.

RNA-seq results implicate activation of OXPHOS, electron transport chain and ATP
production as potential mechanisms responsible for the maturation of eBCs. We assessed
mitochondrial respiratory function using a Seahorse XFe24 analyser. Both eBCs (Fig. 5a,
centre) and human islets (Fig. 5a, bottom), but not d20 immature clusters (Fig. 5a, top),
increased their oxygen consumption rate (OCR) upon stimulation with high glucose. The
d20 clusters had almost no spare respiratory capacity (SRC), suggesting their mitochondria
are immature. NEC clusters also did not show a significant glucose-induced rise in OCR or
SRC (Supplementary Fig. 6a), indicating that B cell clustering and not extended culture is
responsible for improved mitochondrial function. Basal OCR in eBCs and islets were similar
and significantly lower than immature clusters when normalized to C-peptide content. Basal
OCR levels of eBCs were higher than of islets when normalized to DNA (Fig. 5b). The
capacity of eBCs, but not immature p-like cells or NECs, to raise OCR as efficiently as
human islets in response to glucose suggests that they are metabolically mature and
effectively engage mitochondrial oxidative phosphorylation for glucose oxidation.
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Next, we interrogated mitochondrial energization, an event upstream of ATP production, by
measuring the quenching of rhodamine-123 fluorescence during glucose stimulation. The
rate of fluorescence decay is directly proportional to the membrane potential of
mitochondria (Ayry,). Membrane potentials of mitochondria in eBCs and human islets
achieved similar levels, whereas those of d20 clusters were substantially lower on
stimulation (Fig. 5¢). This indicates the change in mitochondrial charge upon glucose
stimulation is higher in eBCs than d20 clusters. We confirmed the validity of rhodamine-123
quenching experiments using FCCP and oligomycin (Supplementary Fig. 6b). To directly
assess mitochondrial function at the single-cell level, we measured the membrane potential
of mitochondria upon glucose stimulation in end-point analyses using MitoTracker Red CM-
H»XRos, a dye that fluoresces only upon oxidation. Mitochondria in C-peptide* and C-
peptide*/NKX6.1" double-positive cells in both eBCs and human islets are differentially
charged in low and high glucose, a phenotype absent from the immature cells in d20 or d27
NECs (Fig. 5d). The specificity of MitoTracker Red CM-H,XRos binding to the
mitochondria was confirmed by co-localization with a mitochondrial marker, TOMM20
(Supplementary Fig. 6¢). These findings reveal that reaggregation of p-like cells promotes
mitochondrial oxidative metabolism.

B cell clustering changes mitochondrial morphology and increases mitochondrial mass.

GSEA indicated significant enrichment of the components of the ‘inner mitochondrial
membrane complexes’, the location of OXPHOS, in f cells following reaggregation (Fig.
6a). Examination of the ultrastructure of mitochondria in B cells of eBCs revealed highly
folded (with a narrow gap between the two surfaces of the inner membrane) and stacked
cristae, which indicate properly organized OXPHQOS super-complexes necessary for efficient
electron transport and ATP generation (Fig. 6b)3L. By comparison, immature B-like cells
possess mitochondria that appear less organized (Fig. 6b; high resolution in Supplementary
Fig. 6d). The average inner-membrane length per mitochondrion in eBCs was significantly
greater than in immature B-like cells (Fig. 6¢). The enhanced mitochondrial function and
ultrastructure also correlated with increased mitochondrial mass/number in eBCs (Fig. 6d—
f). Mitochondrial mass, measured either in the whole population or only in the presumable
cells (C-peptidet/NKX6.1%), was higher in eBCs and human islets compared to d20
immature clusters or NECs (Fig. 6d,e). ERRy, a mitochondrial regulator recently reported to
induce metabolic maturation®, was expressed at higher levels in eBC B cells than immature
d20 B-like cells and d27 NEC B cells (Fig. 6g).

Rapid onset of eBC functionality in vivo within days of transplantation.

A distinctive feature of human islets and mature B cells is their ability to function in vivo
within days of transplantation. To test in vivo function, we transplanted 700 eBCs (~700,000
cells), of which ~80% are C-peptide*/NKX6.1* (~560,000 B cells) under the kidney capsule
of non-diabetic NSG mice. eBCs secreted C-peptide after an acute glucose challenge as
early as three days post-transplant. This function was maintained even 30 days after
transplant (Fig. 7b). The graft recovered three days following transplant mainly consisted of
C-peptide* cells with some C-peptide*/glucagon® or C-peptide*/somatostatin® co-positive
cells (Fig. 7a, top). The corresponding H&E image illustrates intact, islet-like endocrine
clusters, characterized by pale cytoplasm, and infiltrated with blood cells. The graft at day
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48 was composed of clusters of monohormonal C-peptide®, glucagon™ and somatostatin*
endo-crine cells organized in a manner similar to human islets. Although the majority of
cells in the graft were C-peptide*, we found a significant number of glucagon™ and a few
somatostatin® single-positive cells (Fig. 7a, bottom). H&E analysis at this stage revealed a
more extensive network of blood cells throughout the grafts. To show that eBC B cells are
more functional at a per-cell basis compared to NEC or d20 immature p-like cells, clusters
containing approximately equivalent numbers of insulin-producing cells were transplanted
from each population. While NECs and d20s were marked by the clear absence of robust
glucose-stimulated insulin secretion, eBCs were functional rapidly following transplantation
similar to human islets (Supplementary Fig. 7). We performed a glucose tolerance test on
mice transplanted with human islets, eBCs, NECs and d20 clusters 30 days after
transplantation. eBC-transplanted mice were significantly more glucose tolerant and also
cleared glucose faster than mice that received either d20 clusters or NECs (Fig. 7c; note the
significantly reduced AUC). We then tested whether eBCs provide resistance against
streptozotocin (STZ)-induced diabetes. Transplantation of eBCs ameliorates hyperglycaemia
whereas STZ-treated control mice became highly diabetic (blood glucose levels of 600 mg
di~1) at day 13. Blood glucose levels in eBC-treated mice rise to 600 mg dl~1 upon removal
of the graft (Nx), demonstrating the regulation of glucose levels by the human stem-cell-
derived cells (Fig. 7d).

Finally we assessed the long-term efficacy and safety of eBC grafts. We transplanted 4,000
eBCs (~4 x 108 cells) into non-diabetic NSG mice and followed their function over time.
eBCs were still functional and secreted significantly higher levels of C-peptide 8 months
later compared to the early period following transplant (Fig. 7e). Importantly, the graft
appeared roughly the same size as the initial transplant even after 8 months in vivo (5/5
mice) (Fig. 7f). In contrast, grafts from mice that received equal number of d20 cells
developed into large masses at 3 months post-transplant (7/10 mice) (Fig. 7f). The
architecture of eBC grafts at 8 months was reminiscent of human islets with intermingled C-
peptide* and glucagon™ cells interspersed with few somatostatin® cells. The C-peptide* cells
expressed both PDX1 and NKX6.1 (Fig. 7e). These data indicate that eBCs are immediately
functional upon transplantation, and emphasize the efficacy and safety of eBCs on prolonged
engraftment.

Discussion

While significant progress has been made towards in vitro generation of insulin-secreting
cells from hPSCs24, these cells still appear immature (‘B-like’) based on transcript and
functional analyses, with features such as compromised dynamic GSIS, failure to terminate
insulin secretion when glucose levels are lowered and impaired upstream calcium signalling.
Here, we recapitulate aspects of islet formation in vivo, including clustering of newly
formed B cells that had been omitted in previous differentiation protocols. Islet formation
continues through postnatal development and this period is coincident with gradual
functional B cell maturation, which broadly encompasses acquisition of glucose sensing,
dense-core-granule biogenesis, stimulus-secretion coupling, and increased insulin output.
Consistent with this, incorporating a reaggregation step permits maturation of in vitro
generated hPSC-derived p-like cells into eBCs with enhanced functional properties,
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including (1) the stereotypical rapid and robust release of C-peptide synchronous with
glucose concentration, (2) elevated calcium signalling on glucose stimulation that is ablated
on stimulus removal, (3) highly sensitive K*-ATP channels that can be reversibly closed and
opened, and (4) mitochondrial energization analogous to adult human islets. eBC size (100
um) falls within the range of smaller human islets that have better function in vitro and
improved outcome post transplantation32, eBCs function rapidly following transplantation,
similarly to human islets, and generate islet-like grafts with intermingled B, a and & cells. a
cells can arise from insulin/glucagon double-positive progenitors during human embryonic
development18:33,

Somatostatin-producing & cells also separate from a shared p/& cell lineage34. Thus, while
sorting for GFP/insulin, we also capture a small population of cells that are dual-hormone-
positive, the likely progenitors for the monohormonal glucagon- and somatostatin-positive
cells that appear upon transplantation. eBC-grafts examined eight months post-transplant
lack tumours that can arise from progenitors/uncommitted stem cells. The biggest long-term
challenge of translating hPSC-derived cell types into therapeutic applications is to ensure
efficient differentiation into a population of only the desired cell types and to guarantee
absence of cells with tumorigenic potential. Our findings emphasize that enriched islet/p
clusters can pose a safe and effective alternative to human islets for cell therapy.

Although the relevance of B cell contacts in human and mouse islet function has been
reported3>-37, the surprising outcome of clustering immature B-like cells in our study was
the induction of mito-chondrial metabolic maturation. B cells in eBCs were enriched in
oxidative metabolic pathways, including OXPHOS, electron transport chain, TCA cycle and
ATP biosynthesis, compared with B cells residing in progenitor-rich environments. We
observed increased mitochondrial respiration, mitochondrial mass and differential
membrane depolarization on glucose stimulation in B cells of eBCs. Mitochondrial cristae of
these mature B cells were highly folded and stacked, a noteworthy observation given recent
discoveries linking dynamics of cristae morphology to function of the OXPHOS system3L.
Our findings are in concert with the transition from glycolysis-centric to OXPHOS-centric
metabolism posited during postnatal functional maturation®82526 which may in part be
driven by clustering of B cells. Clustering resulted in enrichment of ERR-y, a mitochondrial
regulator of the metabolic transition, suggesting that reaggregation activates endogenous
pathways driving increased mitochondrial activity. We suppose multiple pathways, in
addition to ERRy, may modulate the changes observed upon reaggregation.

Correlation analysis from RNA-seq experiments unveiled that eBC B cells more closely
resemble primary B cells (#= 0.86) than d20 B-like cells or NEC B cells. Nonetheless, we
found differences in expression of certain adult § cell markers, including MAFA, UCN3 and
G6PC2, between the two groups. These data are in line with an extended postnatal
maturation period in humans lasting through childhood!?, wherein ‘juvenile’ g cells have
high expression of MAFB10 but not MAFA as observed in eBCs. These juvenile cells
respond like adult islets in dynamic secretion assays except they release lower quantities of
insulin®, findings similar to those we observed in eBCs. Unlike neonatal islets, infant islets
(age: 1-3 years) secrete insulin in a manner similar to adult islets on stimulation with
various secretagogues38-40, indicating that human islets are functionally mature by the age
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of one year. These results suggest that human B cells progress after birth to assume a
‘juvenile’ functional state, and the insulin secretory capacity of ‘juvenile’ human g cells
continues to increase until puberty with enrichment of factors such as MAFA, SIX2 and
S1X310.15 High expression of MAFB in young p cells suggest an indispensible role for this
gene in attaining early function.

We demonstrate that clustering/reaggregation of immature p-like cells is a critical step in
maturation and generation of fully functional § cells from hPSCs in vitro. Our data reveal
that coalescence of immature B-like cells into endocrine-enriched niches induces metabolic
maturation of mitochondria, thus enabling mature B cell function. We believe that our study
delivers a cell type closely resembling human B cells, opening the opportunity to study p cell
physiology and functional toxicology that was not previously possible with immature B-like
cells.

Online content

Methods

Cell culture.

Any methods, additional references, Nature Research reporting summaries, source data,
statements of data availability and associated accession codes are available at https://doi.org/
10.1038/s41556-018-0271-4.

Mell INSGFPW human embryonic stem cells were obtained from S. J. Micallef and E. G.
Stanley (Monash Immunology and Stem Cell Laboratories, Australia). They were
maintained and propagated on mouse embryonic fibroblasts (MEFs) in hESC media. The
cells were passaged by enzymatic dissociation using TrypLE (Gibco). Mycoplasma
contamination was regularly checked to ensure the integrity of the cells. To initiate
differentiation, confluent hESC cultures were dissociated into single-cell suspensions using
TrypLE, counted and seeded at 5.5 x 106 cells per well in 6-well suspension plates in 5.5 ml
hESC media supplemented with 10 ng mI~1 activin A (R&D Systems) and 10 ng mI~1
heregulinB (Peprotech). The plates were incubated at 37 °C and 5% CO2 on an orbital
shaker at 100 rpm to induce 3D sphere formation. After 24 hours, the spheres were collected
in 50 ml falcon tubes, allowed to settle by gravity, washed once with PBS and resuspended
in day 1 media. The resuspended spheres in day 1 media were distributed into fresh 6-well
suspension plates with 5.5 ml of media per well. Thereafter, media was changed every day.
Until day 3, spheres were fed by removing 5 ml of the media and replenishing with 5.5 ml.
From days 4 to 20, 4.5 ml media was removed and 5 ml of fresh media was added. Media
compositions are as follows: Day 1: RPMI (Gibco) containing 0.2% FBS, 1:5,000 ITS
(Gibco), 100 ng mI~1 activin A and 50 ng mI=2 WNT3a (R&D Systems). Day 2: RPMI
containing 0.2% FBS, 1:2,000 ITS and 100 ng mI~1 activin A. Day 3: RPMI containing
0.2% FBS, 1:1,000 ITS, 2.5 uM TGFbi IV (CalBioChem) and 25 ng mI~ KGF (R&D
Systems). Day 4-5: RPMI containing 0.4% FBS, 1:1,000 ITS and 25 ng mI~1 KGF. Day 6—
7: DMEM (Gibco) with 25 mM glucose containing 1:100 B27 (Gibco) and 3 nM TTNPB
(Sigma). Day 8: DMEM with 25 mM glucose containing 1:100 B27, 3 nM TTNPB and 50
ng mI~1 EGF (R&D Systems). Day 9-11: DMEM with 25 mM glucose containing 1:100
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B27, 50 ng mI~! EGF and 50 ng mI~} KGF. Day 12—-20: DMEM with 25 mM glucose
containing 1:100 B27, 1:100 Glutamax (Gibco), 1:100 NEAA (Gibco), 10 um ALK:i Il
(Axxora), 500 nM LDN-193189 (Stemgent), 1 um Xxi (Millipore), 1 uM T3 (Sigma-
Aldrich), 0.5 mM vitamin C, 1 mM A-acetyl cysteine (Sigma-Aldrich),10 uM zinc sulfate
(Sigma-Aldrich) and 10 ug ml~1 of heparin sulfate. Day 20: the spheres were collected,
incubated with Accumax briefly and dissociated into single cells for flow cytometry. Live
GFPNigh cells were sorted on Aria 11 at low flow rates and reaggregated in Aggrewell-400
(StemCell Technologies) at 1,000 cells per cluster in CMRL containing 1:100 B27 (or 10%
FBS), 1:100 Glutamax (Gibco), 1:100 NEAA (Gibco), 10 um ALK:i Il (Axxora), 0.5 mM
vitamin C, 1 pm T3 (Sigma-Aldrich), 1 mM Akacetyl Cysteine (Sigma-Aldrich), 10 uM zinc
sulfate (Sigma-Aldrich) and 10 pgmli=2 of heparin sulfate. Day 22—23: the reaggregated
enhanced B-clusters (eBCs) were transferred from Aggrewells and placed on orbital shakers
at 100 rpm, and further cultured for up to two weeks. Media was changed every third day
following reaggregation. A step-by-step protocol describing the maintenance of
undifferentiated hESCs, differentiation of hESCs to B cells and FACS sorting can be found
in Protocol Exchange®2.

Human islets used in the experiments were obtained from the UCSF Islet Core and Prodo
laboratories. They were used for functional and RNA-seq analysis within 24-48 hours
following isolation. Human islet preparations ranged in age from 32 to 62. Human islet
donor information including age, BMI, HbA1c and gender is provided in Supplementary
Table 4. The procurement and use of human islets used in the study was approved by the
institutional biosafety committee at UCSF. The study is compliant with all relevant ethical
regulations regarding research involving human participants, and informed consent was
obtained by all participants at the isolation facility.

Immunofluorescence staining.

Clusters were fixed with 4% PFA for 15 min at room temperature, washed with PBS, and
stored at 4 °C until processing for paraffin sectioning. Later, clusters were first embedded in
2% agar, followed by dehydration, paraffin embedding and sectioning at 5 um thickness.
Sections were then stained according to a previously described protocol*. Primary antibodies
are detailed in Supplementary Table 2. Secondary antibodies were conjugated AlexaFluor
488, 568 and 647 (Molecular probes) of appropriate species, and used at 1:500 dilution.
Cells were counterstained with DAPI to mark nuclei. Slides were mounted with coverslips
using Prolong Diamond Antifade reagent (Invitrogen). Images were generated using Leica
SP5 confocal microscope or Zeiss apotome.

Flow cytometry.

Clusters at indicated stages were dissociated, fixed, permeabilized and stained for various
intracellular markers for analysis on LSRFortessa X20 Dual, as described previously*. Data
were analysed with FlowJo software. Anti-glucagon and Anti-human C-peptide antibodies
were conjugated in-house using the Molecular Probes Antibody Labeling Kits according to
manufacturer’s instructions. Antibody details are listed in Supplementary Table 2.
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Quantitative real-time PCR.

Human islets and hPSC-derived clusters were harvested at indicated stages of differentiation
by homogenization in TRIzol (Invitrogen) or Buffer RLT (Qiagen). RNA was isolated and
purified using RNeasy Mini/Micro kits (Qiagen). qPCR was performed using gene
expression assays from Applied Biosystems. Assay IDs are given in Supplementary Table 3.
The comparative threshold (AACT) method was used to quantify transcript abundance.

Dynamic insulin secretion assay.

A perifusion system from Biorep technologies was used for dynamic secretion assays. 30-50
hPSC-derived clusters or human islets were placed on filters in plastic chambers that were
maintained at 37 °C in a temperature controlled chamber. Under temperature- and CO,-
controlled conditions, the clusters were perifused at 100 plmin~1 with Krebs-Ringer buffer
(KRB) using a peristaltic pump. After an initial 1-2 hour long preincubation in 2.8 mM
glucose-KRB, alternating low (2.8 mM) and high (20 mM) glucose with/without 10 nM
exendin-4 and 30 mM KCI were perfused through the system. Flow-through was collected
over the course of the experiment, and C-peptide levels were measured using the STELLUX
Chemi Human C-peptide ELISA kit (Alpco). After the experiment, clusters/islets were
recovered from the chambers, and insulin and DNA content were measured by acid-ethanol
extraction and Quant-iT PicoGreen dsDNA Assay Kit, respectively.

Pro-insulin to C-peptide content analysis.

eBCs, NECs and d20 clusters were harvested and treated over night with acid-ethanol. The
extract from each sample was neutralized with Tris-HCI, diluted and analysed with both
human pro-insulin specific ELISA kit (STELLUX Chemi Human Total Proinsulin ELISA-
Alpco) and human C-peptide specific ELISA kit (STELLUX Chemi Human C-peptide
ELISA kit-Alpco).

RNA-sequencing library preparation and data analysis.

Total RNA was isolated from INSGFP-high+ ce|ls FACS sorted from d27 eBCs, NECs and
d20 immature clusters; and B cells sorted from adult human islets using RNeasy Micro kits
(Qiagen). RNA isolated from sorted cells was further concentrated employing RNA Clean &
Concentrator (Zymo research). Only RNA samples with RIN > 7 were used to generate
libraries for deep sequencing. Total RNA libraries were prepared from eBC, NEC and d20
samples. rRNA was depleted by RiboGone (Clontech), and 325-350 bp sized strand-specific
cDNA libraries were prepared using the SMARTer Stranded Total RNA Sample Prep Kit —
Low Input Mammalian Kit (Clontech). mRNA libraries were prepared from sorted primary
B cell samples using Kappa stranded mRNA-seq kit. All libraries were further sequenced on
Illumina HiSeq instrument generating paired-end 100-base-pair reads. Read qualities were
assessed by FASTQC tool on Galaxy. Reads were then mapped to the human genome
assembly (hg38) using TopHat version 2.1.0*! using the corresponding sample’s mean inner
distance between mate pairs, library-type fr-firststrand for strand determination leaving other
parameters default. The tuxedo suite tools were used for further analysis: rRNA and tRNA
reads were masked and only mRNA reads were quantified during transcript assembly using
Cufflinks by using a mRNA gtf file for annotation. Differential expression analysis was
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performed using Cuffdiff. Seeking an unbiased approach to pathway analysis, we used Gene
set enrichment analysis (GSEA) tool developed by Broad Institute3 that identifies groups of
coordinately regulated genes present in gene sets annotated in the Molecular Signatures
Database (MSigDB). Only genes with counts >1 FPKM in all replicates of any one
condition were used for GSEA. The following parameters were used for the analysis:
ranking metric: ‘t test, number of permutations: 1000, MSigDB collections: hallmark gene
sets, curated gene sets such as KEGG, and GO gene sets such as biological process,
molecular function and cellular component. The program R was used to plot scatter plots
and calculate correlation coefficients. The online tool, Morpheus, from Broad Institute was
used to generate heat maps and perform hierarchical clustering. Contaminating acinar/
zymogen genes and histone genes that do not have polyadenylated mRNAs were filtered
from the list of differentially expressed genes reported in Fig. 4f. We also used DESeq?2,
another bioinformatics pipeline, to confirm the RNA-seq results. The top up- and
downregulated pathways on GSEA were similar from the results obtained through analysis
via Tuxedo suite and DESeq?2 (Supplementary Table 5).

Bisulfite sequencing.

DNA samples were bisulfite converted and purified using the Epitect Plus kit (Qiagen).
Bisulfite-treated DNA was used as template to amplify the regions of interest using the
bisulfite-converted DNA primers previously described®. Annealing temperatures were 64 °C
for HK1 and 61 °C for LDHA using KAPA HiFi Uracil + DNA polymerase and ReadyMix.
PCR products were gel purified and used for TOPO-TA cloning (Invitrogen), followed by
Sanger sequencing. Bisulfite sequencing data were aligned and analysed using the
Sequencher software. In the resulting data, each line of the diagram represents one clone and
8-10 clones were analysed per sample. Filled circles represent methylated CpGs and open
(white) circles represent unmethylated ones. Bisulfite-seq raw data for HK1 and LDHA loci
are provided in Statistics Source Data (Supplementary Table 6).

Electron microscopy.

Differentiated clusters were spun down and excess media was removed, followed by
addition of ice-cold fixative (0.1 M sodium cacodylate solution containing 2%
paraformaldehyde and 2.5% gluteraldehyde, 3M CaCly, final pH 7.4) and incubation on ice
for 20 min. The clusters were further processed using standard transmission electron
microscopy procedures and analysed by the Gladstone Electron Microscopy Core. High-
resolution electron microscopy images were used to quantify insulin granules and length of
the inner mitochondrial membrane. Mature insulin granules were identified with a
characteristic electron dense core surrounded by a halo and immature granules as having a
non-compacted core within the vesicular membrane. The mitochondrial inner membrane
length was calculated by first outlining the inner membranes in ImageJ software followed by
using a perimeter quantification tool.

In vitro metabolic flux analysis.

Mitochondrial oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
were measured in real time using XFe24 extracellular flux analyser (Seahorse Bioscience).
hPSC-derived clusters and human islets were first rinsed with pH adjusted (7.4) XF base
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media (sodium bicarbonate free) supplemented with 3 mM glucose. 20-30 clusters/islets
were placed per well of an islet plate and each experiment had at least two replicates per
group. This was followed by insertion of a mesh to prevent movement of clusters during the
assay and incubation in a non-CO, incubator at 37 °C for at least one hour. Three baseline
measurements were taken, following which glucose (2.8 or 20 mM), oligomycin (5 uM),
carbonyl cyanide-4- (trifluoromethoxy) phenylhydrazone (FCCP, 1 uM), and rotenone and
antimycin A (5 uM) were injected sequentially. OCR and ECAR were measured at 37 °C in
real time throughout the assay period. OCR was normalized to average baseline
measurement and expressed as percent change during the course of the experiment. Insulin
and DNA content of each well were also determined by STELLUX Chemi Human C-
peptide ELISA kit (Alpco) and Quant-iT PicoGreen dsDNA Assay Kit, respectively.

Islet perifusion and imaging for calcium flux and mitochondrial depolarization analysis.

All imaging and perifusion experiments were conducted according to previously described
methods**. In brief, hPSC-derived clusters and islets were incubated in 2 ml of Krebs buffer
containing both 5 UM Fura-2/AM and 2.5 uM Rhodamine 123 fluorescent dyes (Molecular
Probes, CA) for 30 minutes prior to loading the device. The samples were then loaded into
the temperature equilibrated microfluidic device mounted on an inverted epifluorescence
microscope (Leica DMI 4000B, location). Dual-wavelength Fura-2/AM was excited at 340
and 380 nm and fluorescent emission was detected at 510 nm. Intracellular Ca* was
expressed as a ratio of fluorescent emission intensity F340 / F380 (%). Rh123 was excited at
490 + 10 nm, and emission was measured at 530 + 10 nm. Fura-2 and Rh123 fluorescence
emission spectra were filtered using a Fura-2/FITC polychroic beamsplitter and double band
emission filter (Chroma Technology. Part number: 73100bs). These images were collected
with a CCD (Retiga-SRV, Fast 1394, QImaging). SimplePClI software (Hamamatsu Corp.
location) was used for image acquisition and analysis. Both fluorescence signals were
expressed as ‘change in percentage’ after being normalized against basal intensity levels
established before stimulation. 5uM Oligomycin and 1uM FCCP were used when indicated.

Mitochondria experiments.

For estimation of mitochondrial mass, dissociated cell populations were incubated in warm
media containing MitolD at a dilution of 1:10,000 for one hour at 37 °C with gentle shaking.
Following washes with PBS, they were fixed with 4%PFA, stained with anti-C-peptide and
anti- NKX6.1 antibodies, and analysed on LSRFortessa X20 Dual (BD Biosciences). For
estimation of mitochondrial membrane potential, MitoTracker Red CM-H;XRos (Thermo
Fisher Scientific), a mitotracker dye that fluoresces only upon oxidation in live cells, was
used. Dissociated cell populations were incubated with 500 nm MitoTracker Red CM-
H,>XRos in KRB containing either 2.8 or 20 mM glucose for one hour at 37 °C with gentle
shaking. Cells were fixed and further stained with antibodies against C-peptide and NKX6.1
before FACS analysis. For measuring mitochondrial DNA copy number, DNA was isolated
from indicated cell populations using QlAamp DNA Micro Kit (Qiagen). qPCR was used to
determine the ratio of mitochondrial mtDNA 16S rRNA gene to nuclear 8-2-microglobulin
(32M) gene using SYBR Green (Roche) based detection. Human specific primers used for
mtDNA 16S rRNA were: 5’-GCCTTCCCCCGTAAATGATA-3" and 5’-
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TTATGCGATTACCGGGCTCT-3’, and for RB2M were: 5’-
TGCTGTCTCCATGTTTGATGTATCT-3" and 5’ TCTCTGCTCCCCACCTCTAAGT-3".

Mouse studies.

NOD.Cg-Prkdcscid //2rgtm1Wjl/SzJ mice (NSG) were obtained from Jackson Laboratories
and bred in our facility. Male mice between the age group of 10-20 weeks were used in this
study and were maintained according to protocols approved by the University of California,
San Francisco, Institutional Animal Care and Use Committee. This study is compliant with
all relevant ethical regulations regarding animal research. Mice were anaesthetized with
isoflurane and transplanted with cells under the kidney capsule. One cohort of mice was
transplanted with 700 eBCs (~700,000 cells), a second cohort received 4,000 eBCs (~4 x
106 cells), a third cohort received 6,000 eBCs (~6 x 10° cells) and a fourth received ~2,000
eBCs (2 x 108 cells) or 4 x 108 cells each of d20 clusters or NECs or 500 IEQ human islets.
For in vivo glucose challenge experiments, transplanted mice were fasted overnight, and
serum before and 30 minutes following an intraperitoneal injection of 2 g kg~ D-glucose
solution was collected by sub-mandibular bleeding. Kidneys bearing grafts were removed at
indicated time points for immunofluorescent and H&E staining. To determine the ability of
the grafts to protect against diabetes, mice were injected with multiple low doses of STZ (35
mg kg~1 d~1 for 5 days) followed by transplantation of half the cohort with eBCs, and were
monitored for hyperglycaemia. One control untransplanted mouse died on day 24. A survival
nephrotectomy was performed to remove the grafts on day 68. Random fed blood glucose
levels of the mice were monitored throughout the course of the experiment. No statistical
method was employed to determine samples size, analysis was not blinded and mice were
not randomized.

Statistics and reproducibility.

Statistical tests performed for specific data sets are described in the corresponding figure
legends. In brief, under the assumption of normal distribution, two-tailed unpaired t-tests
(Student’s #test) were used if standard deviation (SD) was equal or two-tailed unpaired t-
tests with Welch’s correction were used if SD was unequal for pairwise comparison in Figs.
3e,f,h and 6¢,f and Supplementary Figs. 1b, 6 and 7. One-way ANOVA with Tukey test for
multiple comparisons was used to calculate significance in Supplementary Fig. 3. One-way
ANOVA with Dunnett test for multiple comparisons was used to calculate significance in
Figs. 5b and 6e and Supplementary Fig. 3 and for area under the curve in Fig. 7d. Two-way
repeated measures ANOVA with Sidak’s multiple comparison tests were used to determine P
values in IPGTT in Fig. 7d. Significance in Fig. 1d was calculated using the Holm-Sidak
method for multiple t-tests. P values were as follows: C-pep™/NKX6.1%, 4.45683 x 1079; C-
pep*/NKX6.1%, 8.41475 x 1079 C-pep*/GCG™, 1.04554 x 1078; C-pep™/NEUROD1*,
3.79435 x 1078; PDX1*/NKX6.1*/C-pep~, 7.28718 x 107, C-pep*/CHGA™, 5.051 x 1076;
C-pep*/PDX1*, 6.52052 x 1075; C-pep™/PDX1*, 1.07891 x 10~°; C-pep*/ISL1*,
0.001036039; C-pep™/GCG™, 0.001060223; C-pep*/NKX2.2*, 0.002352639; C-pep*/
PAX6™", 0.002352639. All statistical tests were performed in GraphPad Prism Software v7.
Statistical methods were not used to determine sample size. Experiments in the study were
repeated independently at least three times except experiments in Figs. 3d, 4d, 6b and
Supplementary Figs. 3c,d, 5 and 6d were repeated twice independently and the experiment
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in Supplementary Fig. 6b was performed once. Our collaborators were blinded to the
treatment groups in calcium signalling, mitochondrial energization and DNA methylation
experiments.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. Generation of islet-like eBCs.
a, A schematic representation of the directed differentiation of hESCs to pancreatic p cells

from dO to d26-28. The process recapitulates embryonic development and includes a
strategy of reaggregation of immature B-like cells to mimic B cell coalescence during islet
formation. Immature INSGFP* B-like cells are isolated by FACS from d19-20 spheres, and
subsequently reaggregated into 100 um-sized eBCs in Aggrewells. Culture conditions are
shown beneath each arrow. Bright-field and fluorescence images of eBCs in Aggrewells are
shown; scale bars, 200 um. ES, embryonic stem cells (dark grey); GT, gut tube (pink); PFG,
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pancreatic foregut (orange); Panc. prog., pancreatic progenitors (blue); INS-GFP*, GFP-
positive insulin-producing cells (green); Non-panc., non-pancreatic cells (purple). b,
Immunofluorescent staining of d26-27 eBCs for C-peptide (C-PEP), glucagon (GCG),
somatostatin (SST) and nuclei (DAPI), indicating that the majority of cells are C-peptide*
and monohormonal. White arrows indicate C-peptide*/glucagon* or C-peptide*/
somatostatin® cells. Scale bar, 100 um. Images are representative of four independent
experiments. ¢, Quantitative analysis of d20 clusters and d26-27 eBCs by flow cytometry
showing enrichment and confirming that the majority of the cells are C-peptide™/NKX6.1*/
glucagon™ in eBCs. Flow experiments were repeated 10 times independently with similar
results. d, Flow cytometric quantification of co-expression of C-peptide and various key
cell markers such as NKX6.1, PDX1, CHGA, NEUROD1, PAX6, ISL1 and NKX2.2, and C-
peptide*/glucagon™ cells before (d19-20, black circles: C-pep*/NKX6.1*, 7= 10; C-pep™*/
PDX1*, n=9; C-pep*/ CHGA™, C-pep*/NEUROD1*, n=4; C-pep*/PAX6*, n=6; C-pep*/
ISL1*, C-pep*/NKX2.2%, n=3; C-pep*/GCG™*, C-pep~/PDX1*, C-pep /NKX6.1*, PDX1*/
NKX6.1*/C-pep~, n=7; C-pep*/GCG™, n =8 biological samples) and after sorting and
reaggregation (eBCs, green squares: C-pep*/NKX6.1*, C-pep™/GCG~, n = 10; C-pep*/
PDX1*, C-pep™/NKX2.2*, n=4; C-pep*/CHGA™, C-pep"/NEUROD1*, n=6; C-pep*/
PAX6™", C-pep™/ISL1*, n=3; C-pep*/GCG*, n=8; C-pep~/ PDX1*, C-pep™/NKX6.1*,
PDX1*/NKX6.1*/C-pep~, n =7 biological samples). Data are presented as meanz s.e.m. See
Supplementary Table 6 for source data. **/~<0.01, ***P< 0.001 determined using the Holm
-Sidak method for multiple #two-sided tests, with a = 0.05. See the Methods section for
exact Pvalues.
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Fig. 2 |. eBCs exhibit functional characteristics similar to human islets in vitro.
a, Dynamic secretion of C-peptide in response to stimulation with 20 mM glucose, 10 nM

exendin-4 (Ex-4) and 30 mM KCIl in an in vitro perifusion assay with a starting basal
glucose concentration of 2.8 mM. = 3 independent samples. Data are presented as mean *
s.e.m. b, Cytosolic calcium signalling in response to alternating high (20 mM) and low (2.8
mM) glucose followed by KCI (30 mM) stimulation as measured by Fura-2/AM
fluorescence emission intensity. Plots are population measurements from individual whole
clusters (not pre-selected single cells). ¢, Calcium signalling and insulin secretion response
of eBCs to tolbutamide, a sulfonylurea drug that blocks ATP-sensitive K* channels. Calcium
signalling analyses were performed with 5 independent samples of d20 clusters, 6
independent samples of eBCs and 6 independent islet preparations (Supplementary Fig.
3e,f). See Supplementary Table 6 for source data.
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Fig. 3 |. Enrichment of p cell function/maturation related genes and repression of disallowed
genes in eBCs.

a, A schematic illustration depicting isolation of INSCFP-Ngh* ce|ls from d20 clusters and
eBCs for RNA sequencing (RNA-seq). b, Selected pathways enriched in eBC INSCFP-high+
cells (green) and d20 INSGFP-Nigh* ce|ls (black) by GSEA performed with ‘Hallmark’ (left)
and ‘KEGG’ (right) gene sets from the Molecular Signatures Database (MSigDB). NES,
normalized enrichment score. A full list of pathways is shown in Supplementary Table 5. c,
Enrichment plots with genes in the leading edge of each pathway indicated on the right side
of the respective trace. Note that only INSCFP-high* ce|ls were analysed for both the d20
immature and eBC populations. GSEA uses Kolmogorov—Smirnov statistics to calculate P
values. d, Transmission electron micrograph of B cells present in d20 immature clusters and
B cells found in eBCs. Higher magnification images (panels on the right of each main
image) show representative types of individual granules present in the samples. Arrowheads,
mature granules; arrows, immature granules. Scale bar, 1 pm. Images are representative from
two independent experiments. e, Quantification of immature and mature granules using the
metric described in d and expressed as immature granules as a percentage of total granules.
n= 8 sections were analysed in each sample. Data are expressed as mean + s.e.m. P<
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0.0001 determined by two-tailed unpaired #test with Welch’s correction. f, Percentage of
pro-insulin to C-peptide in d20 immature clusters and eBCs. Immature d20 clusters, 7= 10
independent samples; eBCs, 7= 9 independent samples. Data are expressed as mean + s.e.m.
P =10.0003 determined by two-tailed Welch’s t test. g, Bisulfite sequencing analysis for the
disallowed genes HKZ and LDHA at the indicated loci in eBCs. Each parallel line is an
independent clone. Filled circles represent fully methylated and open circles represent
hypomethylated CpGs. These regions are mostly methylated at both loci in eBCs. h, Gene
expression of HKZ and LDHA in eBCs relative to human islets. eBCs, 7= 4 independent
samples; human islets, 7= 6 independent samples. Data are expressed as mean + s.e.m. P
values determined by two-tailed Welch’s #-test. ns, not significant. See Supplementary Table
6 for source data.
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Fig. 4 |. B cells in a highly enriched endocrine niche of eBCs are distinct from immature g cells in
a progenitor-rich niche. '
a, A schematic illustration depicting the isolation of INSGFP-Nigh+ cells via FACS from d20

immature clusters, d26-27 NECs and d26—27 eBCs for RNA-seq. Note that only
INSGFP-high* cells were used for transcriptome analysis. b, Heat map of differentially
expressed genes between the three types of B cells. Hierarchical clustering indicates that d20
immature B-like cells (black) and NEC f cells (brown) are more closely related than { cells
from eBCs (green) (n = 2 independent samples). ¢, GSEA of the three types of B cells with
gene sets from MSigDB biological process ontology (GO) reveals various sub-processes of
oxidative phosphorylation (OXPHOS) that are highly enriched in p cells isolated from eBCs
compared to p-like cells of d20 clusters (left) or NECs (right). GSEA uses Kolmogorov—
Smirnov statistics to calculate P values. d, Heat map of GSEA leading edge genes in
electron transport chain ontogeny. Sample FPKM values are normalized across every gene
(n = 2 independent samples). e, Scatter plot of log;g FPKM values for all coding transcripts
present in B cells of eBCs and B cells isolated from adult human islets. Pearson correlation
coefficient (/) = 0.86, P< 2.2 x 10716, f, Venn diagram of differentially expressed genes
between human islet B cells and d20 B-like cells, NEC B cells and eBC B cells. eBC B cells
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are more closely related to human islet g cells by 967 genes (compared to NEC f cells) or
843 genes (compared to d20 B-like cells). DEG, differentially expressed genes.
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Fig. 5 |. eBCs possess functionally mature mitochondria.

a—c, Mitochondrial respiration assessed by a Cell Mito Stress Test using a Seahorse XFe24
Bioanalyzer. a, Oxygen consumption rate (OCR) was first measured under basal conditions

(2.8

mM glucose) followed by sequential addition of either 2.8mM (blue line) or 20mM

glucose (red line), 5yuM oligomycin (oligo), 1 um FCCP and 5 um rotenone + antimycinA
(rot/anti-M). eBCs show similar OCR profiles as human islets, whereas d20 immature
clusters do not increase their OCR following glucose stimulation. d20 immature clusters:
2.8mM glucose, 7= 5 independent samples; 20mM glucose, /7= 7 independent samples.
eBCs: 2.8mM glucose, 7= 5 independent samples; 20mM glucose, 7= 6 independent

sam

ples. Human islets: 2.8mM glucose, 7= 6 independent samples; 20mM glucose n=7

independent samples. Data are expressed as meanzs.e.m. b, Basal OCR of d20 immature
clusters (black), eBCs (green) and human islets (red). Human islets, 7= 7 independent

sam
sam

ples; eBCs, n=5 independent samples; d20 immature clusters, 7= 4 independent
ples. Data are expressed as meanz s.e.m. ****P=0.0001. P values determined by one-

way ANOVA with Dunnett test for multiple comparisons versus eBCs. ns, not significant. c,
Dynamic mitochondrial energization as monitored by quenching of rhodamine-123
fluorescence. The rate of fluorescence decay/quenching of rhodamine-123 fluorescence is

dire

ctly proportional to mitochondrial membrane potential. Representative experiment is

shown. Mitochondrial membrane potential analyses were repeated with three distinct hESC
B cell differentiations independently with similar results. Of note, the profile of
mitochondrial potential changes on glucose stimulation is distinct between rodent and
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human B cells. d, Single-cell end-point analyses of mitochondrial potential in the indicated
populations measured by flow cytometry after incubation with 2.8 mM glucose or 20 mM
glucose and stained with the mitochondrial membrane potential indicator dye, Mito Tracker
Red CMXRos. Upper panel shows Mito Tracker staining in C-peptide™ cells and lower panel
shows Mito Tracker staining in C-peptidet/NKX6.1+double-positive cells. The experiment
was repeated with three independent differentiations. Ratio of median fluorescence intensity
at 20 mM and 2.8 mM glucose is shown (meanzx s.e.m.). See Supplementary Table 6 for
source data.
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Fig. 6 |. Endocrine cell clustering improves mitochondrial morphology and increases
mitochondrial numbers.

a, GSEA traces demonstrating enrichment of the inner mitochondrial membrane complex
signature in the cellular component ontology gene sets in INSGFP-high + ce||s of eBC
compared to those in d20 clusters (left) and NECs (right). GSEA uses Kolmogorov-Smirnov
statistics to calculate Pvalues. b, Representative transmission electron micrographs of
mitochondria in d20 immature B-like cells and eBC B cells. The mitochondrial cristae are
denser and more tightly folded in eBCs. Scale bar, 250 nm. Images are representative from
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two biologically independent samples. ¢, Inner mitochondrial membrane length was
calculated using ImageJ software and represented as length in pixels in eBC f cells and d20
immature B-like cells. The image on the right shows an example mitochondrion in which
inner mitochondrial membrane length was marked with the ImageJ tool for quantification
(yellow lines). Scale bar, 250 nm. eBC B cells, n= 44 mitochondria; immature B cells, n=
34 mitochondria. Data are expressed as mean + s.e.m. **/< 0.01 determined by two-tailed
unpaired #test with Welch’s correction. d, Flow cytometry with MitolD was used to assess
mitochondrial mass in the indicated populations. Left: flow histogram of whole populations
stained with MitolD. Right: flow histogram of C-pep*/NKX6.1* double-positive cells within
each population stained with MitolD. The experiment was repeated with three independent
differentiations. e, Quantification of staining with MitolD. eBCs, 7= 4 independent
biological samples; NECs, /7= 3 independent biological samples; human islets, n=4
independent biological samples. Data are presented as mean fluorescence intensity + s.e.m.
*P< 0.05 determined by one-way ANOVA with Dunnett test for multiple comparisons
versus eBCs. ns, not significant. f, Mitochondrial DNA (mtDNA) content assessed by the
ratio of mtDNA/nuclear DNA by qPCR for the mitochondrial 16S rRNA gene and the
nuclear 2 microglobulin gene. 7= 3 independent samples. Data are presented as mean +
s.e.m. *P< 0.05 determined by two-tailed unpaired £test. See Supplementary Table 6 for
source data. g, Levels of ERRy determined as FPKM in RNA-seq data from INSGFP-high +
from eBCs, NECs and d20 immature clusters. Data shown as fold change between eBC
[/d20 B-like and eBC p/NEC B. Pand FDR-corrected Qvalues are indicated. Cuffdiff uses a
theoretic metric derived from the Jensen—Shannon divergence to calculate 2 values*!.
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Fig. 7 |. eBCs are functional in vivo as early as 3 days after transplant, retain function long term
and do not form tumours.

a,b, 700 eBCs (~0.7 x 10° cells) were transplanted under the kidney capsule of non-diabetic
male NSG mice. a, Grafts removed 3 days post-transplant (top) or 48 days post-transplant
(bottom) were stained for C-peptide (C-PEP), glucagon (GCG) and somatostatin (SST)
(left), or H&E (right). White arrows indicate GCG*/C-PEP* double-positive cells. White
arrowheads mark monohormonal GCG* or SST* cells. Black arrowheads in the H&E
images indicate blood cells. Scale bars, 100 um. Images are representative of five
independent experiments. b, In vivo glucose challenge test at indicated days after transplant.
Human C-peptide levels in the serum were measured after an overnight fast (grey) and again
30 min after an intraperitoneal glucose injection (black). The numbers on the x axes indicate
individual animals. ND, not detected. ¢, The intraperitoneal glucose tolerance test (IPGTT)
was performed 30 days after transplantation with eBCs (green, 7=5 animals), NECs
(brown, n= 4 animals), d20 clusters (black, 7= 5 animals), human islets (red, 7= 3 animals)
and control non-transplanted NSG mice (no cells, dotted line, 7= 4 animals). Statistics
determined two-way repeated measures ANOVA with Sidak’s multiple comparison tests.
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*P< 0.05, ***P< 0,001, NEC versus eBCs; TA< 0.001, no cells versus eBCs; %/< 0.05, d20
versus eBCs. Area under the curve was determined for each group. */< 0.05, **/< 0.01,
****P< (0.0001, ns = not significant determined by one-way ANOVA with Dunnett test for
multiple comparisons versus eBCs. Data presented as mean + s.e.m. d, Random fed glucose
measurements taken from STZ-treated control NSG mice (no cells, black) or NSG mice
transplanted with 6,000 eBCs (green). 7= 3 animals. One of the diabetic control non-
transplanted mice expired on day 24. Data presented as mean + s.e.m. See Supplementary
Table 6 for source data. e, 4,000 eBCs (~4x10° cells) were transplanted under the kidney
capsule of non-diabetic male NSG mice. Human C-peptide levels following fasting (grey)
and 60 min after an intraperitoneal glucose bolus (black) were measured 10 days and 8
months after transplant. f, Images of kidneys from mice transplanted with 4x10° cells each
of d20 immature clusters 3 months post-transplant (left) or eBCs 8 months post-transplant
(right). g, Immunofluorescent images of eBC grafts 8 months after transplant stained with C-
peptide/glucagon/somatostatin (left) and C-peptide/PDX1/NKX6.1 (right). Images are
representative of five independent experiments.
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