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ABSTRACT 
A stem cell line, derived by reprogramming native human islet cells, 
consistently generates pure populations of endocrine pancreatic 
clusters following differentiation cues. Two protocols were 
developed directing the differentiation of that cell line to pancreatic 
cells that expressed or lacked expression of the key beta cell 
maturation-associated factor NKX6-1. The population of stem cell 
derived endocrine pancreatic clusters that was most consistently 
capable of regulating blood glucose in rodent models of diabetes 
lacked NKX6-1 but did manifest high expression of other key drivers 
of endocrine cell specification and maturation, ISL1 and MAFA. These 
data support the hypothesis that MAFA and ISL-1, but not NKX6-1, 
are reliable in vitro markers of committed endocrine pancreatic cells. 
The population with low NKX6-1 and high in vivo potency was 
further characterized by transcriptome profiling as an endocrine-
committed population progressively maturing in vitro to a state 
proximal to the native islet.  
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Introduction 
The islet replacement cure for type 1 diabetes is 
unavailable to most patients due to lack of donor 
islet supply and the requirement for potent immune 
suppression 1. Islet like clusters grown from immortal 
human pluripotent stem cells are a viable 
replacement for cadaveric islets and can be 
manufactured at large scale 2. Pluripotent stem cells 
are defined by an inherent ability to follow 
maturation pathways that specify every tissue of 
the developing embryo and, eventually, all adult 
tissues. Protocols for guiding pancreatic maturation 
of pluripotent stem cells aim to trigger pancreatic 
fate choice and restrict non-pancreatic lineages. 
These protocols create populations comprised of 
cells with functional pancreatic features and off-
target cells 3-5. We hypothesize that the presence 
of cells without appropriate endocrine specification 
can diminish the clinical potency and safety of the 
population.  
 

Induced pluripotent stem cells are epigenetically 
distinct from embryonic stem cells and can retain 
epigenetic imprinting of the source tissue, leading to 
differential gene expression and differentiation 
capacity between cell lines 6. We aimed to 
capitalize on this phenomenon by reprogramming 
primary pancreatic islet cells from a consented 
human donor to create a stem cell line with 
enhanced pancreatic differentiation potential. To 
achieve this, we developed a protocol for episomal 
reprogramming of these primary pancreatic islet 
cells and then searched among the immortalized 
clones for populations that most efficiently 
responded to maturation cues to re-form 
populations of cells with pancreatic hallmarks 7. The 
best performing cell line (clone SR1423) is 
characterized by a restricted fate potential and 
therefore failed to meet criteria of pluripotency. 
Further characterization reported here emphasizes 
the distinction between SR1423, induced 
pluripotent stem cells (iPSCs), and embryonic stem 
cells (ESCs). 
 

Stem cell-derived pancreatic clusters are less 
functionally mature than primary islets and contain 
cell populations with transcriptomic and epigenomic 
profiles that share some features with fetal, 
neonatal and infant cell populations 8. To date, the 
fates of differentiating cell populations that express 
subsets of pancreatic markers are not well defined. 
In particular, distinct progenitor populations are 
identified based on differential expression of the 
transcription factor NKX6-1 among cells expressing 
the transcription factor PDX-1 in vitro and in vivo 8,9. 
PDX-1 is a key determinant of pancreatic identity 
that is activated early in pancreatic commitment 
and remains expressed through development and 

in the mature endocrine and exocrine pancreatic 
tissue 10. NKX6-1 is activated in early pancreatic 
endocrine cell commitment and is again expressed 
in insulin-secreting beta cells 11. Among populations 
of differentiating pluripotent stem cells, it has been 
suggested that PDX-1+/NKX6-1+ are fated to 
form functional insulin-secreting beta cells, while 
PDX-1+/NKX6-1- cells form polyhormonal cells 
that either resolve in vivo to glucagon-secreting 
alpha cells or non-functional off-target cells 3,11-14.  
 

A population of beta cells lacking NKX6-1 
expression, however, was recently identified in 
rodent islets15. Additionally, Pavluch et. al. 
demonstrated that NKX6-1 expression was found to 
be dispensable for glucose sensitive insulin secretion 
in rat insulinoma cells16. Furthermore, NKX6-1 also 
has an important role in the specification of the 
enterochromaffin population of serotonin-producing 
enteroendocrine cells of the gut 17. Pancreatic and 
enterochromaffin populations expressing NKX6-1 
emerge from a common NGN3-expressing 
progenitor population and share similar functional 
features 3,5,17,18. Because serotonin-expressing cells 
are common among populations of stem cell-
derived pancreatic cells, it is speculated that stem 
cell-derived pancreatic populations expressing 
NKX6-1 may contain off target cells with 
enterochromaffin identity 18-21. Therefore, NKX6-1 
is not a clear determinant of beta cell identity or 
fate commitment.  
 

The expression of transcription factors ISL1 and 
MAFA are also expressed in early endocrine 
progenitors and again in maturing islets, indicating 
roles in both specification of endocrine-committed 
progenitors and in maturation or maintenance of 
functional endocrine cells 9. MAFA expression is 
limited to insulin expressing cells of rodents and 
MAFA deficient mice exhibit impaired glucose 
sensitivity and diabetes22. Overexpression of 
MAFA, in combination with PDX1 and NGN3 can 
drive programming of the beta cell phenotype in 
human pluripotent cells23 and transdifferentiate 
exocrine pancreas when combined with Pax424. It is 
therefore possible that MAFA and ISL1 in the 
absence of NKX6-1 in stem cell derived pancreatic 
populations may reflect beta cell fate and have 
high in vivo potency for islet replacement therapy. 
This study aimed to compare the in vivo potency of 
a population of stem cell-derived pancreatic cells 
that predominantly expressed NKX6-1 and a 
population that lacked NKX6-1 expression but 
highly expressed MAFA and ISL-1.  
 

Methods 
hPSC SCORECARD 
Undifferentiated SR1423U cells from the Seraxis 
working cell bank were thawed and routinely 
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cultured until passage 23. Near-confluent 10 cm 
dishes were lysed in TriZOL and stored at -80C. 
RNA was harvested from the TriZOL lysate 
according to the purification protocol described in 
the ThermoFisher TaqMan hPSC Scorecard manual. 
The nucleic acid pellets were dissolved in 50uL of 
nuclease-free water, then aliquots were stored at    
-80C. Once thawed, nucleic acid concentration was 
determined by NanoDrop. Reverse transcription 
was performed in duplicate following the Thermo 
Fisher TaqMan hPSC Scorecard Assay protocol. 
Briefly, 2ug of nucleic acid was mixed with 
ThermoFisher High Capacity cDNA synthesis 
reagents (random hexamer primers, RNase 
inhibitor, buffer, reverse transcriptase, dNTPs, 
water). The mix was incubated at 37C for 2 hours, 
then enzymes were heat-inactivated at 85C for 5 
minutes. cDNA was stored at -80C until use. 
Quantitative PCR was performed according to the 
ThermoFisher hPSC Scorecard assay manual on 
10/25/2021. Pre-made ThermoFisher hPSC 
Scorecard panel 96 well plates were loaded with 
cDNA template and TaqMan Fast Advanced PCR 
Master Mix. Cycling parameters were programmed 
according to the Scorecard assay manual. The 
procedure was repeated. The Excel results files 
contained Ct values for each well. These values 

were then copied into an Excel template provided 
by ThermoFisher which has been formatted for use 
with the Scorecard online software. The formatted 
values were saved as .txt files for uploading into 
the Scorecard online software. Results from each 
replicate were uploaded into the software and 
pooled. 
 
CELL CULTURE AND DIFFERENTIATION 
Undifferentiated stem cells were maintained in 
mTeSR-E8 (Stem Cell Technologies) on plastic dishes 
precoated with full-length vitronectin (Peprotech) 
with daily media changes.  
 
Guidance cues for differentiation and their 
durations are outlined in table 1. Stages 1 and 2 
used basal media comprised of 1:1 mixture RPMI 
and DMEM F-12 supplemented with BSA and SM1 
(Stem Cell Technology) or B27 (ThermoFisher) 
Stages 3-7 used basal media of DMEM 
supplemented with BSA and SM1 (Stem Cell 
Technology) or B27 (ThermoFisher). Stages 7-9 used 
a 1:3 mixture of CMRL and RPMI basal media 
supplemented with BSA. Stages 6-9 were carried 
out in suspension culture using a vertical wheel 
bioreactor culture system.  

 
Table 1: Comparison of guidance cues that drive differentiation of SR1423U to NKX6-1 high and low 
populations.  

 

Stag

e

Length 

(days) Guidance cue Stage

Length 

(days) Guidance cue

1 3 Activin A 1 1 Activin A

PI3K inhibition (Wortmannin) Wortmannin

2 2 Fibroblast growth factor 7 (FGF7) GSK3 inhibition (CHIR99021)

3 1 Retinoic acid (RA) 2 2 Activin A

Hedgehog inhibition (SANT1) Wortmannin

FGF7 3 2 FGF7

BMP inhibition (LDN193189) 4 2 RA

4 4 LDN193189 SANT1

Activin A FGF7

Nicotinamide LDN193189

Epidermal growth factor (EGF) 5 4 RA (1/20th conc)

5 4 RA (1/20th conc) SANT1

FGF7 FGF7

EGF LDN193189

SANT1 6 4 RA (1/20th conc)

6 6 SANT1 SANT1

RA (1/20th conc) FGF7

Notch signaling inhibitor (GSXXi) EGF

LDN193189 7 6 RA (1/20th conc)

TGFbeta inhibition (Alk5i) SANT1

EGF GSXXi

7 4 SANT1 Alk5i

RA (1/20th conc) 8, 9 19 No additive

Alk5i

Nicotinamide

Insulin-like growth factor 1 (IGF1)

Triiodothyronine (T3)

8 15 SANT1

RA (1/20th conc)

Alk5i

Nicotinamide

IGF1

T3

TGF beta 1

Differentiation protocols comparison

NKX6-1-high NKX6-1-low
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FLOW CYTOMETRY 
Single cell suspensions were prepared from clusters 
incubation in trypsin/EDTA (VWR). 20% of the total 
volume of fetal bovine serum was added and the 
tube placed on ice. The suspension was passed 
through a 70um filter. The eluate was quantified 
from 20ul aliquots that were mixed with trypan blue 
and counted twice using the TC20 automated cell 
counter (BioRad). Cells were pelleted and 
resuspended in 1 mL of Cytofix/Cytoperm solution 
(Becton Dickinson) and incubated at ambient 
temperature for 30 minutes. 150,000 cells were 
pelleted in a refrigerated centrifuge and wash in 
BD wash buffer (Becton Dickinson). Cells were 
pelleted and resuspended in PhosPerm Buffer III 
(Becton Dickinson) for 20-30 minutes on ice. Cells 
were pelleted and resuspended in 1:100 dilution of 
fluorophore conjugated secondary antibodies in BD 
wash buffer and incubated for 1 hour at room 
temperature or overnight at 4C. Cells were rinsed 
in BD wash buffer and resuspended in 1%BSA in 
PBS. Samples were quantified alongside unstained 
controls using a Guava flow cytometry system. 
 
IMMUNOFLUORESCENCE 
Samples were fixed for 30 minutes in 4% 
paraformaldehyde, rinsed in PBS and resuspended 
in 30% sucrose until sedimentation to the bottom of 
the vessel. Fixed samples were cryopreserved in 
OCT media cryosectioned to a thickness of 10um 
and collected on silane-coated microscope slides 
(VWR). Sections were permeabilized in 2.5% TX-
100 (Sigma) dissolved in PBS for 20 minutes, rinsed 
and incubated in a blocking solution of 1% TX-100 
and 10% horse serum for 1 hour. Sections were 
rinsed and incubated overnight at 4C in primary 
antibody diluted 1:100 in PBS supplemented with 
1% TX-100 and 2% horse serum. Slides were rinsed 
and incubated in 1:1000 dilution of fluorophore 
conjugated secondary antibodies raised in horse 
for 1 hour. Sections were rinsed, incubated in 20nM 
Hoescht dye for 2 minutes, rinsed, secured under a 
coverslip and visualized using an Evos Fluorescent 
microscope (ThermoFischer).  
 
scRNA-seq. 
SR1423 differentiated cells were harvested on the 
final day of each differentiation stage. For 
adherent culture stages, one confluent 15cm tissue 
culture dish was washed with PBS then treated with 
5mM EDTA for 5 minutes at 37C and single cell 
suspensions were generated by manual trituration. 
Single cells were cryopreserved prior to library 
preparation. For suspensions phases of SR1423 
differentiation approximately 50mg of clusters 
were collected and cryopreserved in culture media 
+ 10% DMSO. Nuclei were isolated directly from 
cryopreserved cell and clusters samples which were 

then used for single cell library preparation by 
Sigulomics, Inc using 10x Genomics 3’ library prep 
kit v3 chemistry. Nuclei were loaded into the 
chromium controller to target 5,000 nuclei for 
sequencing. Following library preparation, 
sequencing was performed at Novogene USA using 
the NovaSeq 6000 sequencer (Illumina) with a 
target of 35,000 reads per cell. 
 
scRNA-seq DATA PROCESSING AND ANALYSIS 
Following sequencing, reads were aligned to the 
human reference genome (GRCh38) using 
CellRanger v7.1.0 (10x Genomics). Next, data 
were processed in R V4.3.0 using Seurat v5. 
Filtering was performed to exclude cells with fewer 
than 500 genes expressed and less than 3000 
transcripts detected. Following filtering data were 
normalized and the top 3000 variable genes were 
selected for integration. Principal component 
analysis was performed on these variable genes 
and data were integrated via reciprocal principal 
component analysis using the first 30 principal 
components. The RNA expression matrix was 
loaded into VISION v3.0.1 25 and single cell 
pathway analysis was performed using default 
parameters and the full Reactome pathway 
database. The results of VISION pathway analysis 
were added to the Seurat object as a new assay. 
The top 200 variable pathways were identified 
and used for principal component analysis, nearest 
neighbor graph embedding, and clustering with a 
resolution of 0.5. Uniform manifold projection was 
calculated based on the first 20 principal 
components of the Reactome pathway analysis. 
Drop outs were imputed using the RunALRA function 
implemented through SeuratWrappers using 
default parameters. Drop out-imputed data were 
only used for visualizing gene expression. 
 
Trajectory and pseudotime analyses were 
performed using Monocle v2 26. For these analyses, 
the normalized RNA expression matrix was 
downsampled to 1000 cells from each starting 
sample then loaded into monocle. Within monocle, 
dimensionality reduction was performed using the 
DDRTree method and pseudotime computed. 
 
ANIMAL EXPERIMENTS 
Animal husbandry and animal implants, care and 
monitoring were carried out using IACUC-approved 
protocols at the contract research facilities of Noble 
Life Sciences and Bioqual, Inc. NSG mice were 
sourced from Jackson Labs. SRG rats were sourced 
from Envigo.  
 
Streptozotocin 
Diabetes was induced with a single intraperitoneal 
injection of 150mg/kg of streptozotocin (mice) 
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(Sigma) or 50mg/kg (rats) to nonfasting animals. 
Diabetes was confirmed by two blood glucose 
measurements above 350mg/dL. Hyperglycemic 
animals were provided a dose of subcutaneous 
insulin pellets following manufacturer’s instructions 
(Linshin Canada).  
 
Implant 
Subcapsular renal implant. 2,500 or 5,000 islet 
equivalents of Seraxis Islet like clusters were 
counted using the islet cell counter (Biorep) 
automated method and transferred to a 1.5ml 
conical tube for mouse implants. 10,000 or 40,000 
clusters were manually counted and transferred to 
a 1.5ml conical tube for rat implants. Islet-like 
clusters were pelleted using a tabletop microfuge 
and aspirated into the tip of a 15-gauge flexible 
gavage needle. This was deposited into a renal 
subcapsular pouch using standard veterinary 
surgical techniques.  
 
Fat pad/omentum implants. The gonadal fat pad 
was exited from the lower abdomen using standard 
veterinary surgical technique and spread flat along 
the abdomen. 2,500 or 5,000 islet equivalents of 
Seraxis clusters were pelleted using a tabletop 
microfuge and resuspended in 20ul of purified 
human plasma (Tisseel, component A). The 
cluster/plasma mixture was deposited onto the fat 
pad. An equal volume of fibrin solution (Tisseel, 
component B) was layered on to the cluster plasma 
mixture, which was enclosed by folding of the 
remaining fat pad tissue. For rat implants, the 
omentum was exited from the upper abdomen and 
10,000 or 40,000 clusters were deposited in the 
same fashion. 
 
Intrasplenic implant. 10,000 or 40,000 Islet like 
clusters were pelleted and aspirated into the bore 
of a 20-gauge hypodermic syringe. The rat spleen 
was exited through a dorsal abdominal incision. The 
syringe was inserted to the spleen longitudinally 
and slowly vacated as it was withdrawn. 

GLUCOSE SENSITIVE INSULIN SECRETION 
50 Islet like clusters or primary islets were incubated 
sequentially in buffer supplemented with 2.2mM 
and 16.7mM mM glucose for 30 minutes, followed 
by a 30 minute incubation in KCl. Supernatant was 
analyzed for C-peptide content by ELISA 
(Mercodia). The secretion index represents the ratio 
of C-peptide secreted during exposure to 16.7mM 
glucose over C-peptide secreted during exposure 
to 2.2mM glucose. Total C-peptide release 
corresponds to the sum of C-peptide secreted 
during both exposures and KCl.  
 

Results 
UNDIFFERENTIATED STEM CELL LINE 
The human stem cell line, SR1423, was generated 
by causing transient expression of the Yamanaka 
factors in cells of human islets harvested from a 
consented donor pancreas with high HLA and blood 
type compatibility for allogeneic donor organ 
transplantation 7. Rather than screen for 
pluripotency, this cell line was selected for its ability 
to differentiate toward the definitive endoderm 
and, subsequently, PDX-1-expressing pancreatic 
progenitor cell fate. Analysis showed that SR1423 
does not meet criteria for pluripotency as it fails to 
express the master control gene for mesoderm 
specification, brachyury, in response to mesoderm-
inducing agents 7. The hPSC Scorecard assay was 
employed for a comparison of pluripotency-related 
genes to a reference dataset of multiple pluripotent 
stem cells 27. Undifferentiated SR1423 
demonstrated a gene expression profile outside of 
the range of the reference dataset with 
mesodermal differentiation potential scoring lowest 
(Figure 1). Consistent with previous directed 
differentiation experiments, the T gene (TBXT, 
brachyury) was highly down-regulated while the 
early endoderm specifying transcription factors 
SOX17 and HNF1B was found to be up-regulated 
without any external differentiation cues 7. 
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Figure 1. 
A. 

 
B. 
 
 
 
 
 
 
 
 
 
 
Figure 1 legend 
SR1423 RNA was analyzed by Scorecard qPCR for the expression of a panel of 94 genes associated with 
pluripotency, endoderm, mesoderm and ectoderm following the Scorecard instructions. (A) Box and whisker 
plots represent reference gene datasets. Results reveal a transcriptome with a differentiation expression 
profile outside of the significant range of the mean of the reference dataset. (B) Relative gene expression 
heatmap shows that genes related to mesodermal differentiation were the most downregulated, correlating 
with inability for mesodermal differentiation in vitro.  
 
Transcriptome analysis by single-cell RNA 
sequencing (scRNA-seq) also demonstrated a gene 
expression profile of the undifferentiated cells that 
manifests distinctions from previously published 
iPSC and ESC datasets (Figure 2) 28,29. 
Unsupervised clustering with iPSC (GSE202398) 
and hESC (GSE143783) single cell datasets 
revealed SR1423U are unique from each stem cell 
type but more similar to iPSC than hESC (Figure 2a). 
Pathway analysis also demonstrated that 

transcriptional regulation of SR1423U falls 
between that of iPSC and hESC (Figure 2b) with a 
unique profile of transcription factor expression 
(Figure 2c). Consistent with hPSC Scorecard Assay 
data and lack of mesoderm potential, low 
expression of POU5F1 (OCT4), NANOG and LIN28 
suggest incomplete reprogramming of SR1423U 
cells 30. Together, these data demonstrate that 
SR1423U is a unique, partially reprogrammed 
islet-derived stem cell. 
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Figure 2.  

 
 
Figure 2 legend. 
SR1423 are unique stem cells. (A) UMAP embedding of SR1423U, H1 hESC, and iPSC cells analyzed by 
snRNA-seq. (B) Ridge plot of the gene signature for transcriptional regulation of pluripotent stem cells. (C) 
Violin plot showing expression of key stem cell transcription factors in SR1423, hESC, and iPSC cells. 
 
SR1423 DIFFERENTIATION 
SR1423 responds to basic differentiation protocols 
that drive endocrine pancreatic fate choice and 
generates highly pure populations of cells with 
pancreatic endocrine cell characteristics 7. As 
previously described, SR1423 is a multipotent, and 
not pluripotent stem cell line. We therefore 
characterize SR1423 as a multipotent stem cell line 
with a pancreatic endoderm bias. SR1423 was 
derived and maintained in a cleanroom following 
good manufacturing practice (GMP) principles. 
Master cell and working cell banks were created 
and characterized for lack of adventitious agents 
and other parameters relevant for clinical 
application. Most work reported here was 
performed on aliquots from the working cell bank.  
 

We designed two maturation protocols that both 
guided the differentiation of SR1423 cells to 
clusters that contained native proportions of C-
peptide and glucagon-expressing cells, and 
demonstrated robust, physiologic glucose 
responsive C-peptide secretion. C-peptide, a by-
product of insulin synthesis is secreted by beta cells 
in equimolar concentrations to insulin and is 
frequently used as a reliable surrogate marker of 
insulin production and secretion 31,32.  
 
First differentiation protocol: A review of the 
literature that describes the differentiation of 
pancreatic islet cells from pluripotent stem cells 
suggest that an ideal target population contains a 
large proportion of cells that co-express the 
transcription factors PDX-1 and NKX6-1, and the 
hormone insulin, a profile found in the beta cells of 
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the native adult islet 4,20,33. We therefore designed 
a first protocol based on these principles that drives 
SR1423 to generate Islet like clusters with a high 
proportion of cells that expressed PDX-1, NKX6-1, 
and the by-product of insulin processing, C-peptide 
7 (detailed in methods, Table 1). Flow cytometry 
and immunofluorescent staining (Figure 3) showed a 
population of cells that co-express PDX-1, NKX6-1 
and C-peptide. These cell populations secreted C-
peptide in response to glucose in vitro (Figure 4). C-
peptide expression is found in the absence of 
NKX6-1, and some NKX6-1 expressing cells lack C-
peptide (Figure 3). Thus, NKX6-1 expression is 
neither necessary nor sufficient for C-peptide 
expression in this cell population.  
 
Second differentiation protocol: We designed a 
second protocol that primarily generated cells that 

lacked expression of NKX6-1 but maintained 
expression of PDX-1 and C-peptide. Flow 
cytometry and immunofluorescent staining (Figure 3) 
confirmed a population of cells that co-express 
PDX-1 and insulin, and a low proportion of cells that 
express NKX6-1. This population more robustly 
expresses the transcription factors ISL1 and MAFA 
by immunofluorescence microscopy than cells from 
the first protocol. ISL1 is expressed in early 
pancreatic endocrine progenitors and remains 
expressed in the mature pancreatic endocrine cells 
34,35. ISL1 is a key activator of NKX6-1 and other 
genes found in mature glucose-sensing beta cells 9. 
MAFA is a regulator of beta cell maturation 9. The 
clusters from this protocol secreted C-peptide at 
levels similar to native islets in static culture 
conditions (Figure 4). 

 
Figure 3.  

 
 

NKX6-1 high NKX6-1 low

Pdx1
NKX6-1

C-peptide
NKX6-1

ISL-1
C-peptide

C-peptide
Glucagon

A.

B.

C-peptide
MAFA

Insulin
MAFA

Figure 3 legend. 
Flow cytometry (A) and immunofluorescent 
images (B) of NKX6-1 high and low 
clusters. Day 30-35 clusters from each 
protocol were characterized for 
expression of key pancreatic islet 
transcription factors (PDX1, NKX6-1, ISL-1, 
MAFA) and hormones (C-peptide, 
glucagon).  
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Figure 4.  

 
Figure 4 legend. 
The secretion index (C-peptide secreted during static exposure to 16.7mM glucose/C-peptide secreted 
during exposure to 2.2mM glucose) of Islet like clusters is above 1 for Islet like clusters derived from NKX6-
1 low cultures (26 batches), NKX6-1 high cultures (16 batches) and primary human islets (6 preparations), 
indicating glucose sensitivity. Total C-peptide release that includes exposure to KCl was consistently higher 
in primary human islets, though not statistically significant. 
 
In vivo performance 
Islet like clusters from NKX6-1high and NKX6-1low 
populations were transplanted to immune-
compromised mice and rats chemically rendered 
diabetic by application of streptozotocin. Clusters 
were delivered to the renal subcapsular space, 
intrasplenic, to a pouch formed from the omentum 
(rats), or a pouch formed from the gonadal fat pad 
(mice). Animals that received NKX6-1low clusters 
reproducibly achieved glucose control within the 
time frames analyzed (Figure 6A), while animals 

that received NKX6-1high clusters did not (Figure 
5). Glucose control was not influenced by site of 
implant at these sites. Glucose control was achieved 
in mice that received doses of NKX6-1 low clusters 
equivalent to 2,500 and 5,000 human islets. 
Animals demonstrating glucose control at 11-13 
weeks post-engraftment demonstrated the ability 
to control blood glucose in a manner similar to non-
diabetic controls after oral gavage of dextrose 
(Figure 6B). 
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Figure 5.  

 
 
Figure 5 legend. 
10,000-40,000 NKX6-1 rich Islet like clusters did not control blood glucose after implant to STZ induced, 
diabetic immune compromised rats. Implant site did not influence glucose control.  
 
Figure 6. 
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Figure 6 legend. 
Figure 6. (A) Blood glucose 
of immune-compromised, 
STZ-induced diabetic mice 
was restored to levels similar 
to non-diabetic controls 5 
weeks after implant of 
2,500 (low) or 5,000 (high) 
islet equivalents to the renal 
subcapsular space or the fat 
pad. (B) Total area under 
the curve measurements of 
blood glucose following oral 
glucose challenge shows that 
treated animals, but not 
diabetic control animals, are 
capable of lowering blood 
glucose similarly to non-
diabetic controls. 
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Grafts of NKX6-1high clusters (first protocol) 
revealed a loss of C-peptide expression in the 
NKX6-1 positive population over time (figure 7A-
D). This contrasts with previous reports that PDX-
1/NKX6-1 co-positive cells mature in a 
hyperglycemic background in vivo to generate 
insulin-secreting cells homologous to native beta 
cells in this time frame 3,18 Clusters from both 
protocols were found on explant to have been 
remodeled with host tissue to form structures with 
abundant, human endocrine tissue comingled with 
remodeled host tissue (figure 7 A-H). Although the 
clusters were delivered as a bolus, explants 
revealed Islet like structures that were separated 
from each other by tissue that resembled 
parenchyma, and in some cases, ducts. Among 
explants of NKX6-1-low grafts, expression of 

endocrine markers within the Islet like structures 
were similar to native islets with robust 
chromogranin A (E) and PDX-1 (G) co-expressed 
with C-peptide or insulin. NKX6-1 was expressed 
with ISL1 and C-peptide, indicating in vivo 
activation. Pancreatic endocrine cells were also 
recognized by anti-human mitochondria antibody, 
demonstrating human origin. These data 
demonstrate that pancreatic clusters derived from 
SR1423 stem cells actively cooperate or drive 
remodeling of rodent host tissue to form stable 
pancreatic grafts with anatomic features of 
endocrine pancreas. Clusters from NKX6-1-low 
population maintain persistent expression of c-
peptide, continue along islet maturation pathways 
and are potently capable of regulating rodent 
blood glucose. 

 
Figure 7. 

 
 
 
 
Figure 7 legend.  
Tissue section immunofluorescent 
staining of explanted grafts at 
various time points demonstrate a 
remodeled tissue with elements of 
functional endocrine pancreas. NKX6-
1 expressing cells from NKX6-1-high 
grafts demonstrated gradual loss of 
C-peptide expression over the first 8 
weeks post implant (A-D). NKX6-1 
low grafts maintained persistent 
expression of C-peptide or insulin 
(E,G), CHGA (E), PDX1 (G) and 
activated expression of NKX6-1 (F). 
Pancreatic endocrine cells co-
expressed human mitochondria 
antigen (hMito) (H).  
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NKX6-1 LOW CHARACTERIZATION 
Unsupervised transcriptome analysis of the NKX6-
1low protocol by scRNA seq using the Uniform 
Manifold Approximation and Projection (UMAP) 
method for dimensionality reduction reveals that 
stages 0 (undifferentiated), 1 and 2 cluster 
separately in discrete groupings in agreement with 
the drastic morphological changes that occur when 
stem cells launch differentiation (Figure 8). These 
and subsequent stages manifest gene expression 
profiles consistent with progressive maturation to 
the pancreatic endocrine identity. Stages 1 and 2 
exhibit endodermal gene expression profiles 
including CXCR4, SOX17, CER1, and LEFTY1 36. The 
guidance cues of stages 3-6 drive expression of 
genes characteristic of pancreatic commitment such 
as FOXA2, HNF4A, HNF1B, PDX-1, SOX9, AND 
PTF1A. The guidance cues of stages 7, 8, and 9 
promote the progressive adoption of gene 
expression characteristic of the endocrine pancreas 
including, NKX2-2, NEUROG3, NEUROD1, MAFB, 
MAFA, PAX4, PAX6, ISL1, CHGA, and CHGB. 
Concurrent expression of MAFA, Ngn3, Pdx-1, and 
Pax4 are observed in stage7 (Figure 8C). The stage 
9 cluster is adjacent to the cluster formed by native 
human islets (Figure 8A). These findings of 
differentiation towards pancreatic islets are 
additionally supported by pseudotemporal 
trajectory analysis performed using monocle 26 
which demonstrates a progressive, off-target-free 
differentiation of SR1423 stem cells into Islet like 
clusters. Furthermore, pathway analysis using 
VISION25 demonstrates a stage-dependent 

acquisition of  cell-like identity and regulation of 
gene expression (figure 8F, 8G). Together, these 
data describe a progressive differentiation from 
stem cells through endoderm, gut tube, pancreatic 
progenitor and finally pancreatic endocrine 
commitment.  
 
Next, we sought to further characterize the late 
stages of SR1423 differentiation by focusing our 
analyses on pancreatic endocrine cells. Based on 
our snRNA-seq data, SR1423 differentiation yields 
a pure population of endocrine cells exhibiting 
100% positivity for CHGA among pancreatic 
endocrine and endocrine progenitors (stages 7-9, 
figure 8H). YBX1-INSM1-FEV is required for the 
specification and maintenance of endocrine 
progenitor identity 9. These genes are also found in 
stages 7-9 as well as mature human islets. Despite 
glucose responsive insulin production these cells 

retain expression of genes critical to maintenance 
of pancreatic progenitors affirming SR1423-
derived pancreatic endocrine cells as less mature 
than adult islets but committed to that fate. 
 
 

Discussion 
This report demonstrates that two disparate 
populations of pancreatic cells, distinguished by 
expression of NKX6-1, have similar in vitro potency 
in terms of insulin expression and secretion, but 
different in vivo potency. The NKX6-1 low cells 
were better able to control blood glucose in 
diabetic rodents and explants showed a stable cell 
identity and induction of NKX6-1 in vivo. These 
results are contrary to the established 
differentiation path of native beta cells. Our 
observations of co-expression of the 
transdifferentiating factors PDX1, MAFA, NGN3 
and PAX4 may explain the adoption of beta-cell 
like identity in vitro in the absence of NKX6-1.Cells 
lacking NKX6-1 are reported to represent a multi-
hormonal population in differentiating stem-cell 
derived islets3,11-14. C-peptide and glucagon are 
largely separate populations in NKX6-1-low 
clusters described here, thus NKX6-1-low cells may 
have an alternative identity. One possible fate 
would be that of the islet “hub” cells, that are not 
polyhormonal despite lack of NKX6-1 expression. 
Hub cells direct simultaneous propagation of Ca2+ 
waves throughout islets to release insulin. These cells 
are reported to have low or absent NKX6-1, lower 
numbers of insulin granules than their NKX6-1+ 
counterparts and display features of both mature 
and immature beta cells15. In vivo, NKX6-1 is 
activated in many cells of originally NKX6-1 low 
clusters, possibly allowing for a more standard islet 
architecture with both hub and follower cells. 
 
Most protocols in the scientific literature aim to 
achieve maximal NKX6-1 expression 2. The 
population of NKX6-1 expressing cells described 
here are not claimed to be identical to NKX6-1 
expressing cells derived from pluripotent cells and 
described by other groups 4,14,33,37,38. It is unknown 
whether the NKX6-1 expressing cells that lost C-
peptide expression in vivo in this study de-
differentiated, transdifferentiated to another 
endocrine phenotype, or would eventually have 
completed maturation and re-established insulin 
expression.  
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Figure 8.  

 
 
Figure 8 legend. 
Transcriptome analysis of NKX6-1low clusters and differentiation stages. UMAP embedding of SR1423 stem 
cells, stages 1-9 of differentiation and human islets (A) or grouping of SR1423 differentiation stages by 
pancreatic differentiation phases (B). (C) Dot plot of key genes associated with pancreatic differentiation 
phases from B. (D) Differentiation trajectory and pseudotime determined by monocle. (E) Differentiation 
trajectory split by differentiation stage. Projection of Pancreas Beta cell (F) and Regulation of Gene 
Expression in Beta Cells gene signatures in pseudotime. (H) Expression of CHGA, INSM1, FEV, and YBX1 in 
stage 7-9 and human islet cells.  
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Animal implants of stem cell-derived islets have 
been shown to take weeks longer to regulate blood 
glucose than native islets, despite showing glucose 
sensitive insulin secretion in vitro. This delay implies 
that stem cell derived islets are not functionally 
mature in vitro but can reach functional maturation 
in vivo. The hypothesis that only a small proportion 
of the progenitors are capable of in vivo maturation 
and that underdosing explains the delay to glucose 
regulation has been proposed 39. Transcriptome 
profiles shown here demonstrates that stem cell 
derived pancreatic clusters share most homology 
with prenatal pancreatic endocrine populations 9. 
Insulin expression and secretion in stem cell derived 
populations is therefore promiscuous and may not 
be a reliable measure of beta cell function and 
potency 9. Others have reached a similar conclusion 
in the context of cells co-expressing insulin and other 
pancreatic hormones 39,40. We therefore 
hypothesize that delay to glucose regulation after 
implant is occupied by ongoing endocrine cell 
maturation.  
 
Significant tissue remodeling occurs within the first 
few weeks of each implant site evaluated 
(subcapsular renal space, intra splenic, and intra-
abdominal omentum or fat pad). In each of these 
sites, Islet like structures formed, and in some cases, 
duct-like structures that were not observed in the in 
vitro cell clusters. Tissue injury repair and 
regeneration processes, including survival response 
to hypoxia and cell stress, likely promote the 
formation of these structures from the implanted 
material 41. It has been reported that regenerating 
pancreata show improved islet growth and higher 
insulin content near ducts 42. Additionally, duct cells 
secrete angiogenic cytokines that would facilitate 
vascularization of the implanted site 43. Similarly, 
others have demonstrated the benefits of promoting 
vascularization in poorly vascularized sites 44,45, 
and of promoting a pancreatic niche by delivering 
clusters in a synthetic or natural scaffold 46,47. Tissue 
remodeling may therefore be key in the 
establishment of a functional niche in which beta cell 
maturation occurs. Our interpretation of explants is 
that the remodeling process is a critical determinant 
of graft function and therefore impacts the effective 
dose. 
 

Transplantation of Islet like clusters to insulin-
requiring diabetics in a clinical setting could be 
improved by enhancing the allogeneic compatibility 
of the graft. That goal can be achieved by 

disrupting expression of major histocompatibility 
proteins I and II, the main antigenic drivers of 
allogeneic tissue rejection 48. Our laboratory has 
therefore performed these and other edits on 
SR1423U defining new cell lines to improve 
tolerability and safety for future use in non-
immunosuppressed recipients. 
 
Islet like clusters similar to those described here are 
the subject of characterization and non-clinical 
studies to support regulatory filing for clinical 
testing. The cell expansion and differentiation 
protocol have been adapted to a manufacturing 
process following cGMP guidelines using closed, 
scalable vessels within a cleanroom environment. 
This work demonstrates progress towards the 
development of a potent and safe islet replacement 
therapy for insulin requiring diabetes.  
 

Conclusion 

Populations of stem cell-derived cells expressing 
pancreatic endocrine markers can secrete insulin in 
response to glucose without expression of NKX6-1. 
A population of cells expressing pancreatic islet 
transcription factor ISL-1 and MAFA, without NKX6-
1 was more potent at controlling blood glucose in 
diabetic rodents than a similar population 
expressing NKX6-1, implying that NKX6-1 can be 
a misleading indicator of beta cell identity and 
commitment in stem cell derived cells. We conclude 
that SR1423-derived pancreatic clusters expressing 
ISL1 and MAFA, but not NKX6-1 are committed 
endocrine cells that are capable of reversing 
diabetes in animal models and have significant 
therapeutic potential for the treatment of insulin-
requiring diabetes.  
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