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Cell replacement therapy holds promise in the treatment of 
diseases such as type 1 diabetes mellitus (T1DM), which is 
mainly caused by the loss of islet β cells4,5. Human islet trans-

plantation has been shown to reverse T1DM by effectively restoring 
endogenous insulin secretion in patients6,7. However, the number 
of patients who can benefit from islet transplantation is presently 
limited by the lack of a readily accessible source of human islets8. 
Moreover, despite continuous immunosuppression, the progressive 
loss of graft function and recurrence of immune attack to the β cells 
also hinder the widespread application of islet transplantation7,9–12.

Human pluripotent stem cells serve as an abundant resource for 
the generation of functional cells, including the pancreatic islet β 
cell5,13, thus providing a solution that circumvents the requirement 
for donor-derived tissues. However, many uncertainties remain 
in the translation of pluripotent stem-cell-based treatments for 
human transplantation and therapy that are difficult to investigate 
using rodent animal models14. Non-human primates possess a high 
degree of similarity in genetics, anatomy, metabolism and physiol-
ogy to humans, making them a critical model for rigorous assess-
ment of potential therapeutics and addressing translational issues 

before clinical trials in humans3,14. In this study, we investigated the 
feasibility, safety and efficacy of transplanting hPSC-islets for diabe-
tes treatment in non-human primates.

Results
We first sought to establish a differentiation protocol with high effi-
ciency and good reproducibility, which was a prerequisite to meeting 
the cell quantity and quality thresholds of preclinical and transla-
tional research13. Previous studies by ourselves and others described 
protocols to generate pancreatic β cells from human pluripotent 
stem cells in which a near homogenous population of pancreatic 
fate-committed PDX1+ progenitor cells could be obtained; however, 
challenges remained in the subsequent commitment of these pro-
genitors to pancreatic β cells at high efficiency15–19. Therefore, we 
focused on optimizing the differentiation protocol from pancreatic 
progenitor commitment to β cell fate decision by modulating signal-
ing pathways and reconstructing spatial structure of islets. To gen-
erate pancreatic β cells, we used human induced pluripotent stem 
cell lines generated from a chemical reprogramming approach20,21, 
which used extrinsic chemical stimulation to manipulate cell fate 
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by exposing the somatic cells to small molecules alone, designated 
hCiPSCs (Supplementary Fig. 1). We found that two factors were 
critical to generating β cells in vitro. First, the formation of dense, 
three-dimensional cell aggregates of posterior foregut-committed 
cells facilitated the efficient generation of NKX6.1+C-peptide+ cells 
(Extended Data Fig. 1a). Second, the small molecule combination of 
ISX9 (NeuroD1 inducer)22 and Wnt-C59 (WNT inhibitor) at Stage 5 
synergistically promoted the terminal differentiation of pancreatic 
endocrine progenitors (Extended Data Fig. 1b). With this optimized 
protocol, we were able to generate relatively uniform, islet-sized 
aggregates, containing NKX6.1+C-peptide+ cells at an efficiency of 
up to approximately 70% from hCiPSCs (Fig. 1a,b). Dynamic analy-
sis of the differentiation process showed that approximately 90% 
of PDX1+ pancreatic progenitors were generated by early Stage 4, 
which finally gave rise to 90% of CHGA+NGN3− endocrine cells in 
Stage 6 (Extended Data Fig. 1c). Notably, the protocol showed stable 
performance, consistently reproducing similar results across differ-
entiation batches (Supplementary Table 1). Collectively, these data 
indicated the establishment of a protocol that robustly promoted 
pancreatic endocrine differentiation from hCiPSCs.

We then characterized the hCiPSC-derived pancreatic endo-
crine cells in vitro. qRT–PCR showed similar expression levels of 
pancreatic genes in hCiPSC-derived pancreatic endocrine cells and 
human islets, and immunofluorescence staining confirmed that 
most C-peptide+ cells co-expressed pancreatic transcription factors 
(Extended Data Fig. 1d,e). Notably, the expression of MAFA and 
UCN3, markers of mature β cells, was detected in hCiPSC-derived 
β cells (Extended Data Fig. 1d–g). We then analyzed the insulin 
secretion of hCiPSC-derived pancreatic β cells in comparison with 
human islets. In both static and dynamic assays, hCiPSC-derived 
pancreatic β cells showed insulin secretion in response to glucose 
challenges (Extended Data Fig. 2a,b), and these results were con-
firmed by glucose-stimulated calcium flux assay (Extended Data 
Fig. 2c). Immunoelectron microscopy confirmed the monohor-
monal feature of most hCiPSC-derived β cells, and dense-core, crys-
tallized insulin granules were observed within these cells (Extended 
Data Fig. 2d–f).

In addition to β cells, we also identified glucagon (GCG)+ 
α-like cells and somatostatin (SST)+ δ-like cells in the aggregates 
(Fig. 1c). Flow cytometry analysis revealed that the final stage cell 
aggregates contained approximately 60% β cells, 11% α-like cells 
and 7% δ-like cells on average (Fig. 1d and Supplementary Fig. 2). 
Single-cell RNA sequencing analysis of S6D2 clusters confirmed the 
existence of the three major pancreatic endocrine cell populations 
(β cells, α-like cells and δ-like cells) and their proportions, which 
altogether accounted for 80%, and also revealed that the remain-
ing approximately 20% of cells comprised pancreatic progenitors 
(~4%), proliferative endocrine cells (~2%) and enterochromaffin 
cells (~15%), a type of enteroendocrine cell that was also gener-
ated in β cell differentiation conditions reported by other groups19,23 
(Supplementary Fig. 3a–d). The expression of α-cell-specific genes 
was confirmed by qRT–PCR (Supplementary Fig. 3e). Moreover, 

typical glucagon secretory granules could be detected by electron 
microscopy, and glucagon secretion in the final stage aggregates was 
suppressed upon glucose challenge (Extended Data Fig. 2d–f and 
Supplementary Fig. 3f). Accordingly, these functional aggregates 
were designated hCiPSC-islets.

We further validated the function of hCiPSC-islets on a rou-
tinely used immunodeficient mouse model. After transplanta-
tion under the kidney capsule of streptozotocin (STZ)-induced 
diabetic mice, hCiPSC-islets survived with marked vasculariza-
tion and preserved cellular complexity, shown by the presence 
of C-peptide+ β cells, GCG+ α-like cells and SST+ δ-like cells 16 
weeks post-transplantation (wpt) (Fig. 1e and Extended Data 
Fig. 3a–c). Fasting blood glucose levels of transplanted mice were 
restored to physiological levels, accompanied by increase in body 
weights (Fig. 1f and Extended Data Fig. 3d). Glucose tolerance 
tests showed glucose-responsive human C-peptide secretion as 
well as rapid glucose clearance (Fig. 1g and Extended Data Fig. 3e). 
Notably, the 15-week survival rate of hCiPSC-islet transplanted 
diabetic mice was over 85%, compared to less than 20% in the 
non-transplanted control group (Extended Data Fig. 3f). Fasting 
human C-peptide secretion increased steadily from 2 wpt to 12 
wpt, after which it was maintained at around 1 ng ml−1 for up to 
36 wpt in non-diabetic mice (Fig. 1h). The progressive increase of 
human C-peptide secretion in mouse plasma suggested continued 
maturation of the hCiPSC-islets after transplantation. Single-cell 
RNA sequencing analysis of kidney grafts at 10 wpt confirmed the 
functional maturation of all three pancreatic endocrine cell types 
and also revealed unaltered cell composition after transplanta-
tion (Supplementary Figs. 3–5). Notably, hierarchical clustering 
of S6D2 hCiPSC-islets, 10-wpt kidney grafts and primary human 
islets showed that the hCiPSC-differentiated pancreatic endo-
crine cells shared similar global gene expression profiles to their 
native counterparts in primary human islets (Fig. 1i,j). These data 
suggested the stable and long-term functionality of transplanted 
hCiPSC-islets in the mouse model.

Furthermore, the established protocol demonstrated good 
compatibility across cell lines, as shown by reproduction of 
similar in vitro characteristics and in vivo functionality on 
hCiPSC-islets derived from another three independent hCiPSC 
cell lines (Extended Data Fig. 4a–d and Supplementary Table 1). 
Notably, in all hCiPSC-islets transplanted mice, no tumorigenesis 
was observed (n = 190). The observation period of hCiPSC-islets 
transplanted mice was up to 48 weeks, and immunofluorescence 
staining of the kidney graft showed not only that the three major 
pancreatic endocrine cell types were maintained in the transplanted 
hCiPSC-islets but also that they matured in vivo, with a high pro-
portion of β cells and α cells expressing UCN3 (Extended Data Fig. 
4e,f). Collectively, these results indicated that long-term survival 
and function of transplanted hCiPSC-islets was well replicated on 
multiple hCiPS cell lines. The demonstration of the safety and effi-
cacy of hCiPSC-islets in the mouse model laid the groundwork for 
research in non-human primates.

Fig. 1 | hCiPSC-derived islets generated in vitro resemble primary human islets and reverse diabetes in mice. a, Schematic of the hCiPSC-islet 
differentiation protocol. b, Left: representative bright-field image of Stage 6 cell aggregates. Scale bar, 500 μm. Right: representative flow cytometry 
analysis of the expression of β cell markers in Stage 6 aggregates. c, Representative immunofluorescence staining of islet hormones in sectioned Stage 6 
aggregates. Scale bar, 50 μm. d, Proportions of islet hormone+ cells in Stage 6 aggregates detected by flow cytometry (n = 6). e–h, In vivo characterization 
of hCiPSC-islets. e, Immunofluorescence staining of islet hormones and key markers of β cells in hCiPSC-islet graft at 16 wpt. Scale bar, 50 μm. f, Fasting 
blood glucose levels of hCiPSC-islet transplanted diabetic mice (n = 22). g, Human C-peptide secretion in response to glucose challenge in hCiPSC-islet 
transplanted mice at 16 wpt (n = 17 animals measured at two technical replicates each). Stimulation indices as indicated above bars. h, Continuous 
detection of fasting human C-peptide secretion in hCiPSC-islet transplanted non-diabetic mice; first detection was conducted at 2 wpt (n = 31).  
i, j, Single-cell RNA sequencing of hCiPSC-islets and human islets. i, Hierarchical clustering of global gene expression profiles of cell types present in 
hCiPSC-islets generated in vitro (hCiPSC-islets_S6D2), hCiPSC-islet grafts at 10 wpt in mice (hCiPSC-islets_10 wpt) and cell types present in primary 
human islets (human islets). j, Superimposed UMAP projections of hCiPSC-islets_S6D2, hCiPSC-islets_10 wpt and human islets. Datasets are colored 
according to their assigned cell identity. Data are presented as mean values ± s.e.m. UMAP, uniform manifold approximation and projection.
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Next, we investigated the efficacy and safety of hCiPSC-islet 
transplantation in a non-human primate model. Four healthy adult 
rhesus macaques (Macaca mulatta) (Monkeys 1–4) were used for 
long-term observation (Supplementary Table 3). All four macaques 
developed diabetes after a single high-dose STZ injection, resulting 
in fasting blood glucose levels of over 200 mg dl−1 and C-peptide 

levels lower than 0.15 ng ml−1 (0.09 ± 0.03 ng ml−1) (Figs. 2a–d and 
4a–d)24. Administration of exogenous insulin was initiated 3 d 
after the STZ injection. The exogenous insulin requirement of the 
four diabetic recipients ranged between 2 and 4 IU kg−1 per day 
(2.89 ± 0.58 IU kg−1 per day) at 1 week before cell transplantation, 
which was similar to previous reports (Fig. 3a–d)24–26. Although 
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all macaques were treated with intensive insulin therapy, levels of 
glycated hemoglobin A1c (HbA1c) substantially increased from 
3.9 ± 0.5% to 7.2 ± 1.4% within 1–2 months after STZ injection, 
indicating a rapid progression of diabetes (Fig. 2i–l). Notably, we 
observed that Monkey 3 exhibited characteristics of labile diabetes, 
shown by swings in blood glucose levels that ranged from 40 mg 
dl−1to 545 mg dl−1 within a day and also fasting blood glucose levels 
that ranged from 40 mg dl−1 to 450 mg dl−1 before cell transplanta-
tion (Fig. 2c)27,28.

To protect the human grafts, immunosuppressive therapy was 
administered 9 d before transplantation, following a protocol 

designed based on previous studies of islet xenotransplantation 
into non-human primates (Supplementary Fig. 6a)25,26. In brief, to 
achieve long-term immunosuppression, induction immunosup-
pression was applied, in which both B cells and T cells were depleted 
(Supplementary Fig. 6b); immunosuppression was maintained 
using tacrolimus and sirolimus and biweekly treatment with belata-
cept (Supplementary Fig. 6a,c).

To produce a ready-to-use cell source for macaque transplan-
tation, we optimized a cryopreservation and recovery protocol 
for hCiPSC-islets. After generation, hCiPSC-islets were cryopre-
served at single cell and then recovered and reaggregated 2 d before  
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Fig. 2 | Intraportal infusion of hCiPSC-islets led to improvement of glycemic control in immunosuppressed diabetic rhesus macaques. Long-term tracking 
of glycemic measures in diabetic Monkey 1 (a, e, i), Monkey 2 (b, f, j), Monkey 3 (c, g, k) and Monkey 4 (d, h, l) before and after infusion of hCiPSC-islets. 
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glucose levels before diabetes induction are indicated in brown. e–h, Average pre-meal blood glucose levels of the monkeys before and after infusion of 
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failure (purple arrows). Each data point represents averaged value of three daily pre-prandial blood glucose levels. At pre-transplant (−1 month), n = 24, 
34, 39 and 29 daily pre-prandial blood glucose values, respectively, for Monkeys 1–4; for the final month after transplantation, n = 29, 30, 36 and 30, 
respectively, for Monkeys 1–4; for post-transplant months in between, n = 30 in all monkeys. Unpaired two-tailed t-test was used to determine significance 
in each group from pre-infusion (−1 month) levels. P values for Monkey 1 for each month after transplantation are as follows: 0.0171, 0.1540 and <0.0001 
for months 3–6. P values for Monkey 2 for each month after transplantation: 0.8939, 0.0413, 0.0002, 0.0067, 0.0005 and <0.0001. P values for Monkey 
3 for each month after transplantation: 0.0064, 0.0020 and <0.0001. P values for Monkey 4 for each month after transplantation: 0.0375, 0.0848 and 
<0.0001 for months 3–4. *P < 0.05, **P < 0.005, ***P < 0.0005 and ****P < 0.00005. NS, not significant. Data are presented as mean values ± s.e.m. 
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hCiPSC-islets. Re-elevation of HbA1c levels (purple arrows) suggests possible graft failure.
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infusion. The average viability and yield of hCiPSC-islets after 
recovery were 86.9% ± 1.6% and 82.0% ± 9.5%, respectively 
(Supplementary Table 3). The detailed pre-transplantation charac-
terization of hCiPSC-islets is described in Supplementary Table 3.

Recovered hCiPSC-islets were transplanted into the diabetic 
macaques at a single dose by intraportal infusion. The dose of 
hCiPSC-islets transplanted was designed based on previously 
reported dosing for adult pig islets to monkey xenotransplanta-
tion29–32. In this study, hCiPSC-islets were infused at a dose rang-
ing from 32,000 islet equivalents (IEQ) kg−1 to 45,100 IEQ kg−1 and 
of about 39,600 IEQ kg−1 on average (Supplementary Tables 2 and 
3). The increased IEQ requirement in a xenotransplantation setting 
relative to clinical islet transplantation was mainly due to species 
incompatibilities and metabolic differences33. After hCiPSC-islet 
infusion, transient liver injury was detected, a phenomenon also 

observed in clinical intraportal islet transplantation8,34; however, all 
recipients recovered after administration of liver protective drug 
(Supplementary Table 4). Notably, all four recipients exhibited 
relief from diabetic symptoms after hCiPSC-islet transplantation 
(Figs. 2 and 3). Firstly, fasting blood glucose levels decreased and 
stabilized over time (Fig. 2a–d), especially in Monkey 4, in which 
an obvious a downward trend was observed in the first month 
after transplantation (Fig. 2d). Secondly, the average pre-prandial 
blood glucose levels were also significantly decreased in all recipi-
ents after hCiPSC-islet infusion (Fig. 2e–h). Accordingly, HbA1c, 
a universal clinical measurement for glycemic control in patients 
with diabetes35,36, decreased from 7.2 ± 1.4% before transplanta-
tion to 5.4 ± 0.5% at 3 months after transplantation on average  
(Fig. 2i–l). Notably, these improvements were also seen in Monkey 
3, the recipient exhibiting a labile diabetes-like state after STZ 
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injection (Fig. 2c,g,k). Collectively, our results revealed that trans-
plantation of hCiPSC-islets effectively lowered hyperglycemia and 
improved overall glycemic control in all diabetic macaques.

Furthermore, the exogenous insulin requirement substan-
tially decreased after hCiPSC-islet transplantation (Fig. 3a–d). 
At 1–2 weeks after hCiPSC-islet infusion, a dip in exogenous 
insulin requirement was seen in all recipients, which was likely 
due to decreased appetite in the recovery period after surgery 
and intense immunosuppression around the time of transplanta-
tion. Exogenous insulin requirement increased upon recovery to 
a normal diet. As hCiPSC-islets engrafted and matured in vivo, 
exogenous insulin requirement gradually decreased and stabi-
lized over time. At 15 weeks after hCiPSC-islets infusion, exoge-
nous insulin requirement in the four recipients decreased by 31% 
(from 2.12 IU kg−1per day to 1.46 IU kg−1 per day), by 60% (from 
3.52 IU kg−1per day to 1.41 IU kg−1 per day), by 54% (from 3.09 
IU kg−1 per day to 1.41 IU kg−1 per day) and by 52% (from 2.89 
IU kg−1 per day to 1.40 IU kg−1 per day), respectively, compared 
to pre-transplant levels (Fig. 3a–d). Moreover, body weights of 
recipient macaques increased after 6 weeks after hCiPSC-islet 
infusion (Fig. 3e–h).

C-peptide secretion was continuously monitored in all macaques. 
We observed a gradual increase of secreted C-peptide levels in all 
recipients within the first 1–2 months after hCiPSC-islet infusion, 
suggesting a functional maturation of hCiPSC-islets in vivo (Fig. 
4a–d). Furthermore, C-peptide secretion responded to meal chal-
lenges starting from 4 wpt to 8 wpt in all recipients (Fig. 4e–h). In 
Monkey 2, the fold changes in post-prandial C-peptide levels over 
fasting levels exceeded 3 from 8 wpt to 16 wpt (Fig. 4f). The level 
of C-peptide secretion peaked within 8 wpt, with an average secre-
tion level of 0.37 ± 0.29 ng ml−1 at 8 wpt, a marked increase from 
pre-transplantation levels (0.09 ± 0.03 ng ml−1) (Fig. 4e–h). The sig-
nificant increase of secreted C-peptide levels in all recipients was 
consistent with the observed improvement in glycemic control and 
decreased exogenous insulin requirements.

After an extended period of time, at 5–6 months after transplant, 
hCiPSC-islet graft failure was observed on Monkey 1 and Monkey 
4. For Monkey 1, the exogenous insulin requirement substantially 
increased at 6 months after hCiPSC-islets transplantation, which 
was accompanied by rises in pre-prandial blood glucose and HbA1c 
(Figs. 2e,i and 3a). For Monkey 4, a significant increase of HbA1c 
(from 4.8% to 6.7%) and a rise in pre-prandial blood glucose was 
observed at 5 months after infusion, although exogenous insulin 
dose requirement did not markedly increase (Fig. 2h,l and 3d). 
Monkey 1 and Monkey 4 were euthanized after human graft failure 
for further analysis.

For Monkey 2, post-transplant lymphoproliferative disorder 
(PTLD) was diagnosed at 176 days post-transplantation (dpt), and 
it was subsequently euthanized at 180 dpt (Supplementary Table 
5). For Monkey 3, hematochezia was observed at 100 dpt, and the 
monkey died of massive colon hemorrhage at 101 dpt. These two 
severe adverse events might have occurred as side effects of inten-
sive immunosuppression, which was previously reported37–39. Full 
necropsy was conducted on all four recipients after death or eutha-
nasia. Postmortem examinations revealed no macroscopic and 
microscopic evidence of tumorigenesis after hCiPSC-islets trans-
plantation (Extended Data Fig. 5).

To confirm that the improved glycemic control seen in the recip-
ient macaques was due to transplanted hCiPSC-islets, we conducted 
postmortem histological analysis on the native pancreata of Monkeys 
1–4 (Extended Data Fig. 6). Histological analysis showed that the 
structure of native islets was destroyed, and native β cells were spe-
cifically eliminated by STZ, as indicated by the very rare occurrence 
of C-peptide+ cells in the remaining islets; in particular, C-peptide+ 
cells were almost undetectable in Monkey 3 (Extended Data Fig. 6). 
Most studies have reported that β cell regeneration did not occur 
in macaques after STZ treatment24,40–42, and one study showed that 
the emergence of CK19+Proinsulin+ co-expressing cells could indi-
cate the regeneration of endogenous β cells in pancreas after STZ 
treatment43. In all four analyzed monkeys, CK19+Proinsulin+ cells 
were not detected (Supplementary Fig. 7), suggesting the absence 
of β cell regeneration after STZ treatment, which is consistent with 
most reports24,40–42. Collectively, these findings indicated the severe 
destruction of native β cells, with no sign of β cell recovery in the 
pancreas of the recipient macaques.

We also performed postmortem histological analysis of livers of 
all four macaques. hCiPSC-islet grafts were found residing in the 
portal vein of Monkey 3 (Fig. 4i). As anticipated, no hCiPSC-islet 
grafts were detected in Monkey 1 and Monkey 4. In Monkey 2, a 
severe lymphocyte infiltration was observed in the liver (Extended 
Data Fig. 5d), and the intraportal hCiPSC-islets were not detected, 
possibly due to destruction by infiltrating immune cells after onset 
of PTLD. We further confirmed the intraportal grafts in Monkey 3 
derived from hCiPSC-islet infusion by immunofluorescence stain-
ing of Stem121 (a human cell marker) (Fig. 4i). The results also 
showed that the intraportal hCiPSC-islets contained C-peptide+ 
cells, which co-expressed with other β cell markers, including 
PDX1, NKX6.1 and NKX2.2 (Fig. 4i). Additionally, GCG+ α cells 
were also detectable in hCiPSC-islet grafts, which did not express β 
cell markers PDX1 and NKX6.1 (Extended Data Fig. 7a). Combined 
with the findings in the pancreas, our data suggest that the ame-
lioration of diabetes observed in recipient macaques resulted from 
hCiPSC-islet transplantation.

Further characterization of the intraportal hCiPSC-islet grafts 
in Monkey 3 revealed that, compared to pre-transplant levels, the 
proportion of C-peptide+ cells in intraportal hCiPSC-islets had 
decreased (Extended Data Fig. 7b and Supplementary Table 3). 
These observations of graft loss and decreased C-peptide in the 
diabetic macaques was in contrast with what was observed in the 
immunodeficient mouse model, in which the cellular composi-
tion before and after transplantation was almost unchanged, and 
β cells were well maintained (Fig. 1e, Supplementary Figs. 3b and 
4b and Extended Data Fig. 4f). Considering that many studies 
showed the occurrence of chronic immune attack leading to pro-
gressive graft loss in allogenic and xenogeneic transplants9,26, we 
analyzed immune cell infiltration of the intraportal hCiPSC-islet 
grafts. The results showed the presence of CD3+ T cells and CD68+ 
macrophages in the periphery of and inside the hCiPSC-islets, 
whereas CD20+ B cells were rarely observed inside the human 
graft (Extended Data Fig. 7c). These data suggest the occurrence 
of immune attack against xenografts in this immunosuppressed 
macaque model, which could be the underlying reason for the 
reduction in C-peptide secretion over time after hCiPSC-islet 
infusion (Fig. 4a–h).

Fig. 4 | Detection of secreted C-peptide in hCiPSC-islet transplanted diabetic rhesus macaques. Long-term tracking of C-peptide secretion in  
diabetic Monkey 1 (a, e), Monkey 2 (b, f), Monkey 3 (c, g) and Monkey 4 (d, h) before and after infusion of hCiPSC-islets. a–d, Random C-peptide  
levels of the transplanted monkeys before diabetes induction (brown), before infusion (0 wpt) and after infusion (n = 3 technical replicates).  
e–h, Fasting and post-prandial C-peptide secretion in the transplanted monkeys (n = 3 technical replicates). Decline of secreted C-peptide and 
reduction of glucose-stimulated C-peptide response index suggest possible graft failure (purple arrows). Data are presented as mean values ± s.e.m. 
i, Immunofluorescence staining of Stem121, islet hormones and β cell transcription factors in representative liver sections of Monkey 3 at 101 d after 
transplantation. Scale bar, 50 μm. Magnified images of boxed areas shown on the right. Scale bar, 20 μm.
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To further confirm that the improvements in glycemic control 
observed in Monkeys 1–4 were the result of hCiPSC-islet trans-
plantation, a fifth STZ-induced macaque (Monkey 5) was added to 

this study. Different from the first four monkeys, which were trans-
planted with hCiPSC-islets within 1–2 months after STZ injection, 
Monkey 5 received insulin therapy for nearly half a year after STZ 
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treatment without cell transplantation (Fig. 5). Throughout this 
time, HbA1c level of Monkey 5 progressively increased (reaching 
7.2% 19 weeks after STZ treatment); exogenous insulin require-
ment remained high; and body weight continuously decreased  

(Fig. 5a–d). Notably, the C-peptide level remained extremely low 
and showed no responsiveness to glucose challenge (Fig. 5e). These 
data indicate that exogenous insulin administration alone or residual 
β cells after STZ treatment did not confer adequate glycemic control 
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in diabetic Monkey 5. After hCiPSC-islet transplantation, Monkey 5 
exhibited improved glycemic results similar to Monkeys 1–4, with a 
significant reduction of HbA1c to 5.3% over 9 weeks after infusion, 
accompanied by a reduction of exogenous insulin requirement and 
increase of body weight (Fig. 5a–d). Moreover, the intravenous glu-
cose tolerance test (IVGTT) showed that glucose clearance capac-
ity was substantially improved after transplantation (Fig. 5e), and 
an obvious C-peptide secretion peak could be detected upon both 
glucose and arginine challenges (Fig. 5e and Extended Data Fig. 8a). 
The monkey was euthanized at 10 wpt, and a full autopsy showed 
no evidence of teratoma or other tumor formation (Extended Data 
Fig. 8b,c). Immunofluorescence staining of liver sections showed 
that the intraportal grafts of Monkey 5 contained C-peptide+ β cells, 
GCG+ α cells and SST+ δ cells (Fig. 5f,g). Collectively, these data 
confirmed the findings that hCiPSC-islet transplantation improved 
glycemic control in the diabetic macaque recipients.

Similarly to Monkey 3, the proportion of β cells in the intraportal 
hCiPSC-islets of Monkey 5 also decreased at 10 wpt in contrast to 
that before infusion (Extended Data Fig. 8h). Therefore, we con-
ducted single-cell RNA sequencing analysis on peripheral blood 
mononuclear cells (PBMCs) of Monkey 5 to analyze the potential 
immune response of recipient macaque to hCiPSC-islets. A pro-
found depletion of T cells, B cells and natural killer (NK) cells was 
observed after administration of immunosuppressants; however, 
these cell populations gradually recovered after hCiPSC-islets infu-
sion (Supplementary Fig. 8b). The proportion of T cells and NK cells 
returned to pre-immunosuppression levels at 4 wpt (Supplementary 
Fig. 8b), whereas, in B cells, gene expression pattern was substan-
tially altered after hCiPSC-islets infusion. Genes upregulated in B 
cells at 8 wpt were mainly enriched in immunoreactivity, such as 
adaptive immune response and B cell proliferation (Supplementary 
Fig. 8c). Similar changes of gene expression pattern were observed 
in NK cells (Supplementary Fig. 8c). In addition, further analysis 
showed the adaptive immune response to hCiPSC-islets in Monkey 
5 in terms of complement deposition and T cell infiltration into the 
hCiPSC-islet grafts, the generation of donor-specific antibodies as 
well as the detection of complement dependent cytotoxicity and 
robust IFN-γ secretion when PBMCs of Monkey 5 were incubated 
with hCiPSC-islets in vitro (Extended Data Fig. 9). The immune 
attack against human grafts could have led to the generation of a 
population of PDX1+NKX6.1+C-peptide− cells in the monkey liver 
grafts (Figs. 4i and 5g and Extended Data Fig. 10), in which PDX1 
expression was observed to be relatively lower. This decrease in 
PDX1 expression might have resulted in the loss of insulin expres-
sion in this subpopulation (Figs. 4i and 5g and Extended Data Fig. 
10a). PDX1 has been reported as one of the most important regu-
lators of insulin expression44,45, and its expression could be signifi-
cantly repressed by factors like inflammatory factors (such as IFN-γ 
and IL1-β)46,47 and commonly used immunosuppressants (such as 
tacrolimus)48. Collectively, these results showed that, even under 
the severe immunosuppression regimen, immune attack against the 
human grafts occurred after hCiPSC-islet transplantation and led to 
graft failure, which suggests that the appropriate rejection prophy-
laxis to protect hCiPSC-islet grafts could be important to maximiz-
ing clinical benefit of hPSC-islet transplantation.

Discussion
In this study, we established a differentiation protocol to generate 
islets from human pluripotent stem cells with high efficiency and 
stability, whose generated islets showed similar global gene expres-
sion patterns to that of human islets, robust expression of mature 
islet markers such as MAFA and UCN3 as well as biphasic insulin 
secretion. We show that these hPSC-islets are able to relieve hyper-
glycemia and improve overall glycemic control in a pre-clinical con-
text. Firstly, transplantation of our hPSC-islets effectively decreased 
HbA1c and restored endogenous C-peptide secretion (Figs. 2–5), 

which are positive outcomes previously associated with control of 
disease progression49,50. Clinical studies have associated each per-
centage point reduction of HbA1c with profound reduction in risk 
of diabetic-related complications51,52. Additionally, the restoration 
of endogenous C-peptide has also been credited as the main factor 
associated with overall clinical benefit in clinical islet transplanta-
tion7. Secondly, we observed that one recipient macaque presenting 
the features of labile diabetes benefited from hPSC-islet transplanta-
tion (Fig. 2c,g,k). Clinical reports have shown strong evidence that 
refractory hypoglycemia, a predominantly life-threatening symp-
tom in patients with ‘brittle diabetes’, can be resolved with clini-
cal islet cell transplantation5,28,53. Although more animals should 
be tested, our data suggest the potential of hPSC-islet infusion in 
improving glycemic control and of correcting severe hypoglycemia 
in this selected group of patients with labile diabetes. Finally, the 
ability to be efficiently cryopreserved makes hCiPSC-islets a consis-
tently available, ready-to-use cell source, which is especially impor-
tant for clinical application and affords much-needed flexibility in 
transplantation into humans54. Collectively, these data suggest that, 
as a sustainable cell source, pluripotent stem-cell-derived islets hold 
great potential for clinical application and could bring benefits to 
patients with diabetes.

Furthermore, we found that certain factors could affect the 
in vivo functional capacity of hCiPSC-islets after transplantation. 
On the one hand, a favorable microenvironment to effectively sup-
port survival, maturation and maintenance of hCiPSC-islets was 
important for their functional capacity after transplantation. When 
transplanted into mice, a period of maturation was observed, as 
indicated by the gradual increase of C-peptide secretion for up to 
12 weeks, and the function of hCiPSC-islets could be maintained 
long term (Fig. 1h and Extended Data Fig. 4d). By contrast, after 
transplantation into diabetic macaques, a marked increase in 
C-peptide secretion was observed in the first 1–2 months after 
transplantation (Fig. 4a–d); subsequently, however, in a distinct 
departure from the trends observed in the transplanted mice, 
C-peptide secretion could not be sustained and even decreased 
(Fig. 4b,d,f,h). Possible reasons that could have contributed to 
these phenomena include the severe immune attack on xenografts 
and potential side effects of immunosuppressants, which have been 
reported on primary human islets7,9–12. These results suggested the 
importance of establishing an adequate strategy to effectively pro-
tect hPSC-derived islets and facilitate their long-term function 
in vivo. On the other hand, although the transplantation dose of 
hCiPSC-islets was similar to xenotransplanted primary adult pig 
islets, the latter showed a better capacity for diabetes reversal in the 
macaque model, which indicated that hCiPSC-islets were less func-
tional than primary islets. Combined with the results of in vitro 
characterization (Extended Data Fig. 2a–c), these data suggest 
that hCiPSC-derived pancreatic β cells did not fully recapitulate 
the functionality of primary human islets, and further improve-
ment of the differentiation protocol to enhance the function of 
hCiPSC-islets and reinforce the internal control of hormone secre-
tion could boost its therapeutic effect.

In addition, although no tumorigenesis was observed in any of 
the animals transplanted in our study, strategies to ensure the safety 
of subjects are worth continued research, because, under clinical 
settings, the increased transplanted cell number could increase the 
potential risk of teratoma formation, which would be of particular 
concern in immunosuppressed patients55,56. Therefore, continued 
efforts to develop strategies, such as the establishment of adequate 
safeguards and development of retrievable encapsulation devices, 
could be valuable to clinical application of hPSC-islets57–61. In sum-
mary, as the first comprehensive report, to our knowledge, on the 
long-term assessment of hCiPSC-islets in a primate model of dia-
betes, the data obtained in this study provide valuable insights for 
stem-cell-derived islets in clinical research for diabetes treatment.
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Methods
Cell sources and culture. Human adipose-derived fibroblasts (hADFs) were 
isolated from adipose tissues, which were obtained from Shichun Lu (Chinese 
PLA General Hospital) with informed consent by the donor and approval by the 
institutional review board (IRB) of Peking University (IRB 00001052-19070). 
This study was conducted in accordance with the principles of the Declaration 
of Helsinki. hADFs were cultured in Mesenchymal Stem Cell Growth Medium 2 
(PromoCell, C-28009) with supplement mix (PromoCell, C-39809). Medium was 
changed every 2 d. Primary hADFs were passaged using 0.25% Trypsin-EDTA 
(Gibco, 25200-056) when confluent, usually every 3–5 d.

Four human chemically induced pluripotent stem cell lines (hCiPSC1, 
hCiPSC2, hCiPSC3 and hCiPSC4) were induced from hADFs using a chemical 
reprogramming strategy without gene transfer. The detailed experimental 
procedures of hCiPSC establishment and thorough characterizations are provided 
in another manuscript currently under review.

Two induced pluripotent stem cell lines generated by mRNA strategy (hiPSC 
(mRNA) 1 and hiPSC (mRNA) 2) and one induced pluripotent stem cell line 
generated using episomal strategy (hiPSC (Episomal) 1) were also induced 
from hADFs using commercial reprogramming kits (StemRNA 3rd Gen 
Reprogramming Kit (Stemgent, 00-0076) and Epi Episomal iPSC Reprogramming 
Kit (Thermo Fisher Scientific, A15960)), according to manufacturer instructions.

Pluripotent stem cell lines were cultured in mTeSR1 (STEMCELL Technologies, 
85850) on a 1:40 diluted Matrigel-coated (BD BioSciences, 356231) six-well plate 
(Corning, 353046) or 500 cm2 Square TC-treated Culture Dish (Corning, 431110). 
Medium was changed daily. All cell lines were verified to be mycoplasma-free by 
using MycoSEQ Mycoplasma Detection Kit (Thermo Fisher Scientific, 4460626). 
Cultures were passaged by ReleSR (STEMCELL Technologies, 05872) at a 1:10–
1:15 split ratio every 5–6 d.

Human islets were gifted by Shusen Wang (Tianjin First Central Hospital)  
and were cultured in CMRL1066 (Thermo Fisher Scientific, 11530037)  
containing 10% FBS (Thermo Fisher Scientific, 10099141C) and 1% Pen/Strep 
(Gibco, 15140-122).

In vitro differentiation to generate hCiPSC-islets. Before differentiation, 
adherent hCiPSCs (at 80~90% confluence) were dispersed using Accutase (EMD 
Millipore, SCR005) into single cells, rinsed with DMEM/F12 (Gibco, 11330-032) 
and seeded at ~1.35 × 105 cells per cm2 on Matrigel-coated cell factory (Thermo 
Fisher Scientific, 169171) in mTESR1 supplemented with 10 μM Y27632. 
Differentiation was initiated 24 h after seeding.

Detailed information of small molecules and cytokines used in the 
differentiation process is listed in Supplementary Table 7. Medium formulation at 
each stage is shown as follows:

Stage 1 (4 d). MCDB131 (Gibco, 10372-019) supplemented with 4.5 mM glucose 
(Sigma-Aldrich, G7021), 1% GlutaMAX (Gibco, 35050-061), 1% Pen/Strep, 
1% B27 (Gibco, 12587-010), 100 ng ml−1 of activin A, 0.25 mM vitamin C, 6 
μM Chir99021, 50 nM PI103 and 10 μM Y27632 for day 1 only. For days 2–4, 
culture medium was refreshed every day in MCDB131 with 4.5 mM glucose, 1% 
GlutaMAX, 1% Pen/Strep, 1% B27, 50 ng ml−1 of activin A and 0.25 mM vitamin C.

Stage 2 (2 d). MCDB131 supplemented with 4.5 mM glucose, 1% GlutaMAX, 1% 
Pen/Strep, 0.5% BSA (Sigma-Aldrich, A4612), 50 ng ml−1 of KGF, 0.25 mM vitamin 
C, 5 μM SB431542 and 100 nM Wnt-C59.

Stage 3 (4 d). DMEM-basic (Gibco, C11965500BT) supplemented with 1% 
B27, 1% Pen/Strep, 2 μM retinoic acid, 0.1 μM LDN193189, 0.25 μM Sant1 and 
100 nM Wnt-C59. At the end of Stage 3, the cells were dispersed, incubating with 
Accutase for 6–8 min at 37 °C. The released cells were rinsed with DMEM-basic 
and spun down at 300g for 3 min. The cells were then seeded at 5 × 106 cells per 
well in six-well AggreWell Microwell Plates (STEMCELL Technologies, 27940) 
in Stage 4 medium supplemented with 10 μM Y27632 and spun down to the 
bottom of the microwells by centrifuging the plates at 300g for 5 min. The cells 
were then incubated in 5% CO2 at 37 °C for 20 h, and the generated cell clusters 
were transferred into an ultra-low attachment six-well plate (Beaver Bio, 40406) 
with Stage 4 medium. Suspended aggregates were cultured in an incubator 
shaker (INFORS HT, Multitron) at a rotation rate of 90 r.p.m., at 37 °C, 5% CO2 
and 85% humidity.

Stage 4 (5–6 d). DMEM-basic supplemented with 1% GlutaMAX, 1% B27, 1% Pen/
Strep, 100 ng ml−1 of EGF, 0.2 μM TPB, 10 mM nicotinamide, 0.25 μM Sant1 and 
0.25 mM vitamin C.

Stage 5 (6 d). DMEM-basic supplemented with 1% Pen/Strep, 1% GlutaMAX, 1% 
B27, 10 μM ALK5 inhibitor II, 0.3 μM LDN193189, 1 μM T3, 10 μM ISX9, 10 μg 
ml−1 of heparin, 0.1 μM γ-secretase inhibitor Xxi, 100 nM Wnt-C59, 10 μM Y27632 
and 0.25 mM vitamin C. ISX9 was added for 3–6 d starting from Stage 5 Day 1 
(S5D1), and the treatment time window was fine-tuned on different cell lines to 
obtain the optimal β cell differentiation efficiency.

Stage 6 (2–4 d). DMEM-basic supplemented with 1% B27, 1% Pen/Strep, 10 μM 
ALK5 inhibitor II, 0.5 μM R428, 1 μM T3, 10 μM forskolin, 10 μg ml−1 of heparin, 
10 μM zinc sulfate, 2 mM N-Acetyl-ʟ-cysteine and 0.25 mM vitamin C.

Cryopreservation and recovery of hCiPSC-islets. Cryopreservation. hCiPSC-islets 
were dispersed using Accutase for 12–15 min in the incubator shaker at 90 r.p.m. 
and 37 °C. Released single cells were rinsed with DMEM-basic and spun down 
at 300g for 3 min. The cells were cryopreserved at a concentration of 1 × 107 
cells per ml (1 ml per vial) with a cryopreservation medium consisting of 35% 
FBS, 5% DMSO (Sigma-Aldrich, D2650) and 60% Stage 6 medium, with 10 μM 
Y27632. The vials were then transferred into Thermo Fisher Scientific Mr. Frosty 
(5100–0001) immediately and frozen in a −80 °C freezer for 24 h. Subsequently, the 
vials were transferred into liquid nitrogen for long-term storage.

Recovery. Cryopreserved vials were thawed in a 37 °C water bath. Cell suspension 
was then transferred into a 15-ml centrifuge tube containing 10 ml of DMEM-basic 
medium, followed by centrifugation at 350g for 3 min. Cells were resuspended in 
DMEM-basic supplemented with 1% B27 and 10 μM Y27632. Viability and yield 
were verified by trypan blue (Invitrogen, T10282) and Countess II Automated Cell 
Counter (Invitrogen, AMQAX1000). Then, the cells were seeded at 5 × 106 cells 
per well in six-well AggreWell Microwell Plates and spun down at 300g for 5 min 
into the microwells. After incubating in 5% CO2 at 37 °C for 20 h, the clusters were 
transferred into ultra-low attachment six-well plates containing DMEM-basic 
supplied with 1% B27. Suspended aggregates were cultured in an incubator shaker 
at a rotation rate of 90 r.p.m. at 37 °C, 5% CO2 and 85% humidity for 2 d and then 
were used for transplantation.

Calculation of IEQ of hCiPSC-islets. IEQ of hCiPSC-islets was calculated based 
on the reported method62. The numbers of hCiPSC-islets of certain diameter 
were counted and recorded using an optical microscope fitted with a reticle 
(Axio Observer 3, Zeiss). The total IEQ of each batch was determined as (the 
sum of (number of hCiPSC-islets in diameter class) × (diameter class-specific 
conversion factor)) × (dilution factor). The number of hCiPSC-islet cells per IEQ 
(hCiPSC-islet cell number/IEQ) in each batch was then calculated by dividing 
hCiPSC-islet cell count by IEQ, which was then averaged to obtain the average cell 
number per IEQ.

Flow cytometry. Cells were released into a single-cell suspension with Accutase 
and then stained for surface markers and intracellular markers as described 
previously17. Single cells were fixed with Fixation/Permeabilization Solution (BD 
BioSciences, 554714) for 20 min. Cells were then washed twice in wash buffer 
(1×) and incubated with primary antibodies overnight at 4 °C. Primary antibodies 
were diluted with wash buffer (1×). Cells were washed twice in wash buffer (1×) 
and incubated with secondary antibodies for 1 h at 4 °C. Cells were then washed 
twice in wash buffer (1×) and analyzed using BD CellQuest Pro. FlowJo version 
10 software was used for flow cytometry analysis. The antibodies used are listed in 
Supplementary Table 8.

Immunohistochemistry and immunofluorescence staining. For cell cultures. 
Cultured cells were washed with PBS and fixed with 4% paraformaldehyde (PFA; 
Biosharp, BL539A) for 15 min at room temperature. The cells were then washed 
with PBS and permeabilized with PBST solution (PBS + 0.2% Triton X-100 + 5% 
donkey serum) for 1 h at room temperature. The samples were then incubated with 
primary antibodies diluted in PBST solution at 4 °C overnight. After three washes 
with PBS, the slides were incubated with secondary antibodies conjugated to Alexa 
Fluor 488, 555 or 647 (Life Technologies) in PBST solution at 1:1,000 for 1 h and 
stained with DAPI for 5 min at room temperature. Images were captured using a 
Leica TCS SP8 confocal microscope.

For frozen tissue sections. Cell aggregates or tissue were washed with PBS and 
fixed with 4% PFA for 2 h (cell aggregates) or 24 h (tissue) at 4 °C. Samples were 
washed three times with PBS and dehydrated overnight at 4 °C in 30% sucrose 
solution. The samples were overlaid with OCT (Sakura, 4583) solution and frozen 
using liquid nitrogen and stored at −80 °C. A freezing microtome was used to cut 
10-μm sections, which were placed on slides. The slides were washed with PBS and 
permeabilized with PBST solution for 1 h at room temperature. The slides were 
then stained with primary and secondary antibodies as detailed above.

For paraffin sectioning. Samples were fixed using a 10% formalin solution for 7 d 
at room temperature. These samples were then paraffin embedded and sectioned. 
Sections were dewaxed in xylene, rehydrated in grades of alcohol (5 min: 100%, 
95%, 85% and 70%) and washed in PBS. Hematoxylin and eosin (H&E) staining 
was performed after rehydration. For immunohistochemistry, slides were 
submerged in pre-heated antigen retrieval solution and microwaved until boiling 
for at least 15 min, after which they were left to cool to room temperature. The 
slides were washed with PBS for 5 min and submerged in blocking reagent for 1 h 
at room temperature in a humidified, light-protected chamber and then washed 
with PBS three times. Then, sections were stained with primary and secondary 
antibodies.

Nature Medicine | www.nature.com/naturemedicine

http://www.nature.com/naturemedicine


Articles NAturE MEDICInE

All antibodies used above are listed in Supplementary Table 8.

qRT–PCR. Total RNA was extracted with RNeasy Micro Kit (Qiagen, 74004) 
following the manufacturer’s instructions. Transcript One-Step gDNA Removal 
and cDNA Synthesis SuperMix (TransGen Biotech, AT311-03) was used to 
synthesize cDNA. KAPA SYBR FAST Universal qPCR Mix (KAPA Biosystems, 
KK4601) was used for qRT–PCR analysis, which was performed on a 7500 
Real Time PCR system. All relative expression levels were normalized to the 
housekeeping gene GAPDH, and the results were analyzed using the ΔΔCt 
method. The primers are listed in Supplementary Table 9.

Teratoma assay. hCiPSCs were dispersed by Accutase and collected before 
injection. Approximately 1 × 106 cells were suspended in 50 μl of Matrigel. The cell 
mixture was injected subcutaneously into immunodeficient SCID/Beige mice. The 
animals were euthanized before the tumor size exceeded 1.5 cm in diameter. The 
teratomas were then embedded in paraffin and processed for H&E staining.

Karyotype analysis. Karyotype (chromosomal G-band) analyses were contracted 
out to Beijing Jiaen Hospital, using standard protocols for high-resolution 
G-banding (400G–500G) and analyzed by CytoVision (Leica). For each analysis, at 
least 20 metaphases were examined. The number of chromosomes, as well as the 
presence of structural chromosomal abnormalities, was examined.

Glucose-stimulated insulin secretion. Krebs buffer was prepared as follows: 
129 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1 mM Na2HPO4, 
1.2 mM KH2PO4, 5 mM NaHCO3, 10 mM HEPES and 0.1% BSA dissolved in 
deionized and sterile filtered water. Krebs buffer (pH 7.3–7.4) containing 2.8 mM 
glucose, 16.7 mM glucose and 30 mM KCl was prepared and warmed to 37 °C 
before use.

Static glucose-stimulated insulin secretion. hCiPSC-islets (20–50 clusters) or 
human islets (20–50 islets) were collected and placed in a 24-well plate and then 
rinsed twice with Krebs buffer. Cells were incubated successively in Krebs buffer 
containing 2.8 mM glucose, Krebs buffer containing 16.7 mM glucose and Krebs 
buffer containing 30 mM KCl at 37 °C for 1 h. Supernatant was collected after each 
incubation, and cells were rinsed with fresh Krebs buffer at each solution change. 
Supernatant samples were frozen at −80 °C until detection was conducted. After 
the assay, cells were dispersed into single cells with Accutase and counted with 
Countess II Automated Cell Counter.

Dynamic glucose-stimulated insulin secretion. The dynamic function of 
hCiPSC-islets was assessed with an automated perifusion system (Biorep 
Perifusion System) as previously reported19. hCiPSC-islets were assayed with 
effluent collected at 100 μl min−1and exposed to glucose Krebs buffer and KCl 
Krebs buffer. A 2.8 mM glucose Krebs buffer was perfused for the first 60 min to 
equilibration. Then, solutions were switched as follows: 2.8 mM glucose Krebs 
buffer for 15 min, 16.7 mM glucose Krebs buffer for 30 min, 2.8 mM glucose Krebs 
buffer for 15 min and 30 mM KCl Krebs buffer for 15 min.

Calcium imaging. Calcium influx dynamics of hCiPSC-islets in response to 
glucose challenge were assayed as follows. Cluster samples were washed with 
Krebs buffer and stained with 10 μM Cal-520-AM (AATB) for 45 min at 37 °C and 
then incubated for 15 min without the dye. Before imaging, hCiPSC-islets were 
loaded into a chip with microchannel and then immediately staged on a confocal 
microscope for the acquisition of high-resolution images. Time series images were 
acquired. Progression of glucose challenges in Krebs buffer during imaging was 
2 mM glucose, 20 mM glucose, 2 mM glucose and 30 mM KCl for 10 min, 20 min, 
20 min and 10 min, respectively.

ELISA. C-peptide, insulin and glucagon levels were detected using human 
C-peptide ELISA kit (ALPCO, 80-CPTHU-E10), human insulin ELISA kit 
(ALPCO, 80-INSHUU-E10) and human glucagon ELISA kit (Mercodia, 10-1271-
01) according to manufacturer instructions. ELISA was performed with three 
technical replicates for all samples except for blood samples from mouse, which 
were performed with two technical replicates owing to limited samples.

Cryo-electron microscopy. Human islets or hCiPSC-islets were processed as 
described previously63 by the Center of Cryo-Electron at Zhejiang University. In 
brief, human islets or hCiPSC-islets were fixed in 0.1 M phosphate buffer (PB; pH 
7.4) containing 4% PFA, 8% glutaraldehyde and 0.2% picric acid at least overnight 
at 4 °C. After four washes with 0.1 M PB, samples were then post-fixed with 1% 
OsO4 and dehydrated, followed by infiltration of acetone and epon resin mixture. 
Samples were embedded and ultra-thin (70 nm) sectioned before staining with 
uranyl acetate and lead citrate. Grids were examined with a Tecnai G2 Spirit 
electron microscope.

Immunogold labeling for transmission electron microscopy. For 
characterization of secretory granules, immunogold labeling was performed 
according to the procedures described previously64,65. In brief, a fixative containing 

4% PFA, 0.1% glutaraldehyde and 4,500 mg L−1 of glucose in 200 mM HEPES buffer 
pH 7.4 was added in equal volume as culture medium to cells in culture at 37 °C. 
Five minutes later, the fixative solution was removed and replaced by fresh fixative 
alone for 30 min at room temperature. The cells were then washed with 150 mM 
glycine solution in PBS twice for 5 min each to quench the free aldehyde. Cells 
were collected and embedded in 12% gelatin (PanReac AppliChem, 147116.1210) 
by centrifugation, solidified in ice and cut into 1-mm3 blocks on a cold plate. The 
blocks were transferred into 2.3 M sucrose and rotated at 4 °C overnight. Blocks 
were glued to aluminum specimen holders and frozen in liquid nitrogen. Next, 
70-nm cryosections were cut at −120 °C with a diamond immuno knife (cryo 
immuno 35°, DiATOME) with a cryo-ultramicrotome (Leica Microsystems, 
FC7) and mounted on 100-mesh formvar/carbon-coated nickel grids. For double 
immunolabeling, sections were first labeled with rat anti-human C-peptide 
antibody (DSHB, GN-ID4, 1:60), followed by secondary antibody staining with 
goat anti-rat IgG (H&L) conjugated to 6-nm colloidal gold (AURION, 806.055, 
1∶50). Subsequently, the sections were labeled with rabbit anti-human glucagon 
antibody (Abcam, Ab92517, 1:500), and 15-nm protein A-gold (Cell Microscopy 
Center, University Medical Center Utrecht, 1:50) was used as the secondary 
antibody. After labeling, sections were counterstained with 2% methylcellulose and 
2% uranyl acetate at a ratio of 9:1. Cryosections were examined at 120 kV under the 
Tecnai G2 Spirit (Thermo Fisher Scientific) electron microscope equipped with a 
CCD camera (Orius 832, Gatan).

Transplantation in mouse model. All mouse experimental procedures were 
performed according to the Animal Protection Guidelines of Peking University. 
Six-to-eight-week-old male CB17.Cg-PrkdcscidLystbg-J/Crl (SCID/Beige) mice were 
purchased from Beijing Vital River Laboratory Animal Technology Company. The 
mice were housed on a 12-h light/dark cycle in a temperature-controlled room 
(22 ± 1 °C) with 40–60% humidity.

Transplantation into STZ-treated diabetic mice. Diabetes was induced by five 
consecutive days of 16 h fast followed by intraperitoneal (i.p.) injection of 70 mg 
kg−1 of STZ (Selleck, S1312) daily. Approximately 3 × 106 hCiPSC-islets cells 
were transplanted under the left kidney capsule. Fasting blood glucose levels 
after 16-h fasting were monitored weekly with a handheld glucometer (Roche, 
06870279001) using a tail bleed. Body weights of animals were measured weekly. 
Glucose-stimulated human C-peptide secretion was assessed by collecting blood 
samples after 16-h fast and at 30 min after glucose injection (2 g kg−1, 30% solution, 
i.p.). For glucose tolerance tests, i.p. injection of glucose (2 g kg−1, 30% solution) 
was performed after 16-h fasting, and blood glucose levels were monitored at 
the predetermined time points (0 min, 5 min, 15 min, 30 min, 60 min, 90 min and 
120 min). Plasma was frozen at −80 °C until human C-peptide analysis.

Transplantation into non-STZ-treated healthy mice. Approximately 3 × 106 
hCiPSC-islet cells were transplanted under the left kidney capsule. Blood sample 
after a 16-h fast was collected biweekly for fasting human C-peptide measurement. 
Plasma was frozen at −80 °C until human C-peptide analysis.

Single-cell RNA sequencing and analysis. Single-cell RNA sequencing. Cells were 
harvested and resuspended in PBS with 0.04% BSA at 1 × 106 cells per milliliter. 
Then, cell suspensions were loaded on a Chromium Single Cell Controller 
(10x Genomics) to generate single-cell gel beads in emulsion (GEMs) by using 
Chromium Single Cell 5′ Library & Gel Bead Kit version 1 (10x Genomics, 
1000006) for monkey PBMCs or Chromium Single Cell 3′ GEM, Library & 
Gel Bead Kit version 3 (10x Genomics, 1000075) for hCiPSC-islets_S6D2, 
hCiPSC-islets_10 wpt and human islets. Captured cells were lysed, and the released 
RNA was barcoded through reverse transcription in individual GEMs. Barcoded 
cDNAs were pooled and underwent cleanup by using Dynabeads MyOne Silane 
Beads (Invitrogen, 37002D) and then amplified and underwent cleanup for further 
next-generation library construction. Single-cell RNA sequencing libraries were 
prepared using Chromium Single Cell 5′ Library Construction Kit version 1 (10x 
Genomics, 1000020) for monkey PBMCs or Chromium Single Cell 3′ GEM, 
Library & Gel Bead Kit version 3 (10x Genomics, 1000075) for hCiPSC-islets_
S6D2, hCiPSC-islets_10 wpt and human islets, following instructions provided by 
the manufacturer. Sequencing was performed on an Illumina HiSeq X Ten with 
pair-end 150 bp.

Single-cell RNA pre-processing. The sequencing data of hCiPSC-islets_10 
wpt were aligned to hg19-and-mm10 genome, whereas sequencing data of 
hCiPSC-islets_S6D2 and human islets were aligned to hg19 genome, and 
monkey PBMCs sequencing data were aligned to Mmul_10 genome. We used 
Cell Ranger (version 3.0.2)66 to quantify the expression of transcripts in each 
barcode. The output filtered matrices were loaded into R by the DropletUtils 
package67. For post-transplant sequencing data, we defined barcodes with more 
than 1,000 hg19 genome-aligned unique molecular identifier (UMI) counts 
and fewer than 1,000 mm10 genome-aligned UMI counts as human cells. Cell 
quality control was performed by the R package scater68. Low-quality cells were 
removed from downstream analysis, which include cells with UMI counts of less 
than median − 3 × MAD (median absolute deviation), or cells with gene count 
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of less than median − 3 × MAD, or cells with mitochondrial proportion of more 
than median + 2 × MAD; mitochondrial matrices were not considered in monkey 
PBMC analysis. The raw UMI counts were then normalized by the scran package69. 
Seurat70 was used for downstream analysis.

Identification of cell types and differential genes analysis. Variable features were 
found by the FindVariableFeatures function of Seurat, and principal component 
analysis (PCA) was performed using RunPCA. Elbow point of scatter plot was 
applied to decide how many PCs to use. Downstream clustering was performed 
using the top PCs; FindNeighbors and FindClusters were used to cluster cells; and 
the RunUMAP function was used for dimensionality reduction. Cell types were 
identified by canonical markers as reported19,71. Monkey cell type identification of 
monkey PBMCs was based on Azimuth (https://azimuth.hubmapconsortium.org/
references/). Differential genes after transplant were identified by the FindMarkers 
function. Gene Ontology biological process enrichment analysis was conducted by 
the ClusterProfiler R package72.

Superimposition with human pancreatic data. We merged S6, transplant and human 
islet single-cell data together by Seurat (anchors and CCA70). Clustering tree was 
made by the BuildClusterTree function using the top 15 PCs. Maturation score is 
the average scaled expression (before CCA) of mature genes of individual cell type, 
as reported23,73.

Bulk RNA sequencing analysis. We tested quality control using FastQC (version 
0.11.8)74. The adapter of raw RNA sequencing FASTQ reads were trimmed using 
TrimGalore (version 0.6.6)75. The cleaned RNA sequencing FASTQ reads were 
aligned to hg19 UCSC human reference genome using STAR (version 2.7.3)76 with 
default parameters. Output BAM files were then sorted by SAMtools (version 
1.9)77. The number of alignments mapped to each gene was counted using 
htseq-count (version 0.11.3)78 with parameters ‘-f bam -r name -s reverse -a 10 -t 
exon -i gene_id -m union ‘. The count matrix was variance stabilizing transformed 
(vst) by vst function in the DEseq2 package79. Clustering tree was made on vst 
matrix using all expressed genes by complete method.

Transplantation in diabetic non-human primate model. All monkey 
experimental procedures were approved by the Institutional Animal Care and 
Use Committee of the Institute of Medical Biology, Chinese Academy of Medical 
Science (ethics no. DWLL201908013). Five male rhesus macaques from the 
Institute of Medical Biology, Chinese Academy of Medical Science were used as 
recipients for hCiPCs-islet transplantation.

Diabetes induction. Diabetes was induced according to a previously reported 
method24. In brief, a single dose of STZ (90 mg kg−1, AdooQ, A10868) was injected 
intravenously (within 5 min) after overnight fasting. STZ was diluted in 0.1 M 
citrate buffer (pH 4.3–4.5) and immediately administered rapidly intravenously 
followed by administration of normal saline (40–50 ml) for hydration. Omeprazole 
(0.5 mg kg−1, Losec, AstraZeneca) was injected to prevent nausea and vomiting 
after hydration. Blood glucose was monitored every hour over the first 12 h 
after STZ injection and thereafter four times a day. Exogenous insulin injections 
commenced 3 d after STZ treatment. The short-acting form of insulin (Humalog, 
Eli Lilly) and long-acting form of insulin (Lantus, Sanofi-Aventis) were injected 
subcutaneously. Short-acting insulin was administered according to dosing chart in 
Supplementary Table 10. The levels of blood glucose, C-peptide and HbA1c were 
recorded before hCiPSC-islet transplantation.

Immunosuppression strategy. The immunosuppression regimen was started 9 d 
before transplantation (day 0). The protocol was designed based on previously 
published studies of porcine islet transplantation in non-human primates, as shown 
in Supplementary Fig. 6a25,26.

Induction therapy: rituximab (375 mg m−2, i.v., Rituxan, Roche) was injected 
on day −9. ATG (5 mg kg−1, i.v., thymoglobuline, Genzyme Polyclonals) was 
infused on days −5 and −3. Basiliximab (0.3 mg kg−1, Simulect, Novartis) was 
given on days 0 and 2 after transplantation. Methylprednisolone (10 mg kg−1, i.v., 
Solu-Medrol, Pfizer), chlorpheniramine maleate tablets (0.1 mg kg−1, p.o., Chengdu 
First Pharmaceutical Company) and diphenhydramine (0.5 mg kg−1, p.o., Linfen 
Baozhu Pharmaceutical Company) were administered 10 min before rituximab and 
ATG treatments to reduce allergic reactions.

Maintenance therapy: belatacept (20 mg kg−1, i.v., Nulojix, Bristol Myers 
Squibb) was administered on days 0, 4 and 14, after which it was injected 
biweekly; sirolimus (q.d., p.o., Rapamune, Pfizer) and tacrolimus (b.i.d., p.o., 
Prograf, Astellas) were administered daily. The dosages of sirolimus and 
tacrolimus were adjusted according to trough blood levels (tacrolimus 4–10 ng 
ml−1; sirolimus 4–10 ng ml−1). Blood concentrations of the drugs were tested using 
Viva-E (Vital Scientific).

Alleviation of instant blood-mediated inflammatory reaction: Cobra Venom 
Factor (100 U kg−1, i.v., Quidel) was administered on day −1. Etanercept (Enbrel, 
Pfizer) was used on day 0 (5 mg kg−1, i.v.) and days 3, 7 and 10 (2.5 mg kg−1, i.h.) 
after transplantation.

Prophylactic and preemptive treatment. To prevent cytomegalovirus infection, 
ganciclovir (5 mg kg−1, i.v., Luoxin, Shandong Luoxin Pharmaceutical Group 
Stock Company) was administered from days −5 to −7, followed by valganciclovir 
(20 mg kg−1, p.o., Valcyte, Roche) daily from day −4 onwards. Aspirin (1.85 mg 
kg−1, p.o., Yunnan Baiyao Group Company) therapy was used to prevent 
thrombosis from day 1 after transplantation.

Transplant surgeries. The transplantation procedures were performed as 
previously reported26. After the i.v. administration of propofol (0.5 ml kg−1, Petsun 
Therapeutics), monkeys were anaesthetized with inhalable isoflurane. Heart rate, 
temperature, blood oxygenation and blood pressure were monitored in real time 
during the surgical procedure. To maintain blood glucose levels, 5% glucose was 
infused. hCiPSC-islets were infused into the portal vein through a jejunal vein 
after laparotomy. The overall quality of hCiPSC-islet preparations is described in 
Supplementary Table 3.

To mitigate the instant thrombosis, low-molecular-weight heparin sodium 
(150 IU kg−1, i.h., Fluxum, Alfasigma) was injected subcutaneously at 2 h and 
8 h postoperatively, followed by three times a day for about 1 week. Antibiotic 
treatment was continued for 7 d. Pain relief medication was administered for 3 d.

Routine tests. C-peptide secretion, body weight, HbA1c, complete blood count, 
serum creatinine and liver function analysis were routinely performed. The 
complete blood cell count was done using Sysmex XT-200i. HbA1c, serum 
creatinine and liver function analysis were assessed using Mindray BS-2000.

Monitoring of peripheral lymphocyte populations. The absolute number of 
peripheral blood lymphocyte populations was monitored using flow cytometry and 
complete blood count. In brief, whole blood samples were incubated with specific 
antibodies for lymphocytes (CD45), T cells (CD3) and B cells (CD20) and then 
lysed. The data were acquired by BD FACSCalibur.

ABO blood group test. Blood samples were collected from all recipient rhesus 
macaques and analyzed at Suzhou Xishan Biotechnology for ABO blood  
group testing.

IVGTT. After an overnight fast, 0.75 g kg−1 of 50% glucose was infused i.v. into 
the monkey within 1 min. Blood glucose concentrations were measured with a 
handheld glucometer at 0, 5, 15, 30, 60 and 90 min after injection. C-peptide levels 
at the same time points were measured by ELISA as detailed above.

Arginine stimulation test. C-peptide secretion responses to i.v. arginine were 
measured at two different plasma glucose levels. In brief, after an overnight 
fasting, a dose of 70 mg kg−1 of 10% arginine hydrochloride (Sigma-Aldrich, 
A5006) was administered over 30 s, the beginning of which was designated 0 min. 
Blood samples were collected at 0, 2, 4 and 10 min after the first pulse of arginine. 
Then, 50% glucose was administered to raise and maintain plasma glucose levels 
at 20 mM. Fifty minutes after the first pulse of arginine, a second arginine pulse 
(70 mg kg−1) was given. Blood samples were collected at 0, 2, 4 and 10 min after 
the second pulse of arginine. C-peptide secretion was measured as previously 
described.

Autopsy and histological analysis. Full necropsy of all monkeys was performed by 
an experienced primate pathologist. The tissue specimens of major organs were 
fixed in 4% PFA and 10% formalin for cryosections and paraffin sections.

Assay for donor-specific antibodies. Donor-specific antibodies (IgG) in the 
recipient plasma were detected by flow cytometry. Donor hCiPSC-islets were 
thawed as described above and incubated at single cell with recipient plasma 
(diluted at 1:50) in 4 °C for 50 min. After three washes with PBS, the cells were 
incubated with FITC-conjugated anti-monkey IgG antibody at 4 °C for 30 min. 
Stained cell samples were washed three times before analysis.

ELISpot assay. IFN-γ production was detected using ELISpot Assay Kit 
(Mabtech, 3421M-2APT-2) according to the manufacturer’s instructions. In brief, 
cryopreserved monkey PBMCs were thawed in RPMI-1640 medium (Gibco, 
22400-089) containing 1% GlutaMAX, 1% Pen/Strep and 10% heat-inactivated 
auto-serum and then seeded at 5 × 105 cells per well on pre-coated IFN-γ plates 
and co-incubated with hCiPSC-islets at a 1:1 ratio. PBMCs of non-transplanted 
monkeys or PBMCs alone were used as negative control, whereas PBMCs 
stimulated with anti-monkey CD3 antibody were used as positive control. After 
16-h incubation (37 °C and 5% CO2), the assay was developed according to the 
manufacturer’s instructions, and the plates were read using an ELISpot reader (AID 
vSpot Spectrum, VSR078IFL).

Donor-specific antibody-mediated cytotoxicity assay. Donor hCiPSC-islets were 
thawed and incubated with recipient plasma (diluted at 1:3 and 1:10) at 2 × 105 
cells per well in 96-well plates at 37 °C and 5% CO2 for 30 min (1:3) or 60 min (1:3 
or 1:10). Cytotoxicity was measured by Annexin V-FITC/PI Apoptosis Detection 
Kit (Yeasen, 40302). In brief, after co-incubation, the samples were washed twice 
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with cold PBS and then stained with 100 μl of 1× binding buffer, 5 μl of Annexin 
V-FITC and 10 μl of PI Staining Solution for 15 min at room temperature away 
from light. Then, 400 μl of 1× binding buffer was added to the sample, which was 
tested by flow cytometry.

Statistics and reproducibility. Data analysis was performed using GraphPad 
Prism software. Statistical significance was evaluated by t-test. Throughout 
the manuscript, n represents number of biological replicates unless otherwise 
stated. P values are presented as follows: *P < 0.05; **P < 0.005; ***P < 0.0005; 
****P < 0.00005; NS, not significant. For representative images shown in Fig. 1b, 
Extended Data Figs. 3a and 4a and Supplementary Fig. 1a, similar results were 
obtained from at least ten biologically independent samples. For representative 
images shown in Fig. 1c,d, Extended Data Figs. 1e,g, 2d,e, 3b and 4b,e,f and 
Supplementary Figs. 1b,c,g, 2c and 3g, similar results were obtained from at 
least three biologically independent samples. Images shown in Extended Data 
Figs. 5b,d,f,h, 6a,b and 8b–d are representative of ten separate images obtained 
per sample. Images shown in Extended Data Fig. 7c and 9f are representative of 
three separate images obtained per sample. Images shown in Figs. 4i and 5f,g, 
Extended Data Figs. 9c,d, 7a,c, 8e–g, 9e and 10a–c and Supplementary Fig. 7a are 
representative of five separate images obtained per sample.

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

Data availability
The RNA sequencing data reported in this paper have been deposited in the Gene 
Expression Omnibus under accession number GSE185038. Any other requests for 
raw or processed data will be reviewed by the Peking University Stem Cell Research 
Centre to verify whether the data requested are subject to any intellectual property 
or confidentiality obligations. Data and materials that can be shared will be released 
via a material transfer agreement. Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Establishment of an efficient hCiPSC-islet generation protocol and characterization of hCiPSC-islets. a, Flow cytometry analysis 
comparing differentiation efficiencies between planar culture and suspension culture at various stages of the protocol in terms of pancreatic progenitor 
markers at the end of Stage 4 and β cell markers at the end of Stage 6 (n = 5). b, Flow cytometry analysis of β cell marker expression in Stage 6 aggregates 
without and with addition of small molecules ISX9 and Wnt-C59, individually or in combination at Stage 5, detected at S6D2 (n = 4). c, Continuous  
stage-wise tracking of pancreatic progenitor, endocrine progenitor, and β cell markers by flow cytometry throughout the differentiation protocol (n = 3).  
d, qRT-PCR analysis of key pancreatic β cell genes in hCiPSC-islets aggregates (n = 6) and human islets (n = 5). e, Representative immunostaining of key 
β cell transcription factors in sectioned hCiPSC-islets. Scale bar, 50 μm. f, Continuous stage-wise tracking of UCN3 expression by qRT-PCR analysis during 
hCiPSC-islet differentiation (n = 3) and in human islet sample (n = 3). Relative gene expression was normalized to hCiPSCs (n = 3). g, Immunofluorescence 
staining of UCN3, C-peptide and GCG in sectioned hCiPSC-islet and sectioned human pancreas as control. Scale bar, 25 μm (top), 50 μm (bottom). 
Similar results were obtained on three independent hCiPSC differentiation batches. Data presented as mean values ± s.e.m.
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Extended Data Fig. 2 | Characterization of glucose stimulated responses and granule properties of hCiPSC-islets. a, C-peptide secretion of Stage 
6 aggregates (n = 7) and primary human islets (n = 6) in static glucose stimulation assay under low glucose (2.8 mM), high glucose (16.7 mM) and 
depolarization by 30 mM KCl. Glucose stimulation index as indicated above bars. b, Insulin secretion of human islets (top; n = 4) and hCiPSC-islets 
(bottom; n = 5) in dynamic perifusion assay. c, Dynamic Cal-520-AM fluorescence intensity trace of human islets (top; n = 10) and hCiPSC-islets (bottom; 
n = 10) during sequential glucose challenge with low (2 mM), high (20 mM) glucose or depolarization with 30 mM KCl. d, Representative immuno-electron 
micrographs of secretory granules double immunogold labeled with insulin (6 nm) and glucagon (15 nm), with enlarged images of an individual granule 
shown on the right. Scale bar, 500 nm. e, Representative transmission electron micrographs of hCiPSC-islet cells (left) and human islets (right), showing 
polymorphous crystalline insulin granules (top) or glucagon granules (bottom), with magnified images of representative granules shown on the right. 
Scale bar, 1 μm. f, Proportions of insulin, glucagon and mixed granule containing cells quantified by morphological analysis of TEM images of hCiPSC-islets 
(n = 6). Data presented as mean values ± s.e.m.
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Extended Data Fig. 3 | hCiPSC-islets restored glucose clearance and improved overall survival when transplanted into diabetic mice. a, Left: 
representative image of nephrectomized kidney showing the hCiPSC-islet graft beneath the kidney capsule. Scale bar, 0.1 cm. Middle, right: H&E histology 
of kidney section, depicting hCiPSC-islet graft and graft vascularization. Scale bar, 200 μm (middle), 75 μm (right). b, Representative immunofluorescence 
staining of GCG and key β cell transcription factors PDX1 and NKX6.1 in hCiPSC-islet graft sections at 16 wpt. Scale bar, 50 μm. c, Quantification of SST and 
C-peptide expressing subpopulations in hCiPSC-islet graft sections at 16 wpt (n = 4). d, Tracking of body weight of hCiPSC-islet transplanted diabetic mice 
(n = 22). e, Changes in blood glucose levels in response to intraperitoneal glucose tolerance test (IPGTT) of healthy (n = 8) and STZ-induced diabetic mice 
groups with (n = 17) and without (n = 8) hCiPSC-islet transplantation at 16 wpt. f, Survival rate of STZ-induced diabetic mice groups with (red; n = 63) and 
without (black; n = 22) hCiPSC-islet transplantation. Data presented as mean values ± s.e.m.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | The established differentiation protocol performed stably across hCiPS cell lines. Similar marker expression pattern and capacity 
for hyperglycemia reversal were observed across three other hCiPSC lines subject to the established differentiation protocol. a, Representative flow 
cytometry of pancreatic developmental markers during differentiation showed similar distribution and efficiencies along progressive stages across three 
other hCiPSC lines. b, Representative immunofluorescence staining of islet hormones of hCiPSC-islet sections derived from three other independent 
hCiPSC lines. Scale bar, 50 μm. c, Long-term tracking of fasting blood glucose (left) and body weight (right) in diabetic mice transplanted with hCiPSC-
islets derived from three other independent hCiPSC lines. d, Long-term tracking of fasting human C-peptide secretion in non-diabetic mice. In c-d, n = 21, 
15 and 22 animals transplanted for hCiPSC line #2, #3 and #4 respectively. e-f, Representative immunofluorescence staining of β cell markers (e) and islet 
hormones and maturation marker UCN3 (f) in hCiPSC-islet graft at 48 wpt. Scale bar, 50 μm. Data presented as mean values ± s.e.m.
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Extended Data Fig. 5 | Postmortem examination of major organs in transplanted diabetic macaques. Gross anatomy (a, c, e, g) and H&E staining (b, d, f, 
h) of major organs of Monkey-#1 (a-b), Monkey-#2 (c-d), Monkey-#3 (e-f) and Monkey-#4 (g-h). Scale bar, 400 μm.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Gross anatomy, histo- and immunological analysis of native pancreas of STZ-treated recipient monkeys. a, Gross anatomy and 
H&E staining of pancreas of healthy monkey and recipient Monkey-#1 to #4, with islet structures outlined in green. Scale bar, 50 μm. b, Left: C-peptide 
staining of pancreas sections of healthy control monkey and STZ-treated recipient Monkey-#1 to #4. Scale bar, 400 μm. Middle, Right: Magnified panels 
of boxed areas. Scale bar, 100 μm. In contrast to pancreas sections of healthy control monkey, pancreas sections of STZ-induced recipient monkeys 
showed extremely low occurrence of C-peptide positive cells (indicated by yellow arrowheads), with most islets (encircled in red) showing no C-peptide 
positive cells. c-d, Representative immunofluorescence staining of endocrine marker CHGA (c) and islets hormone C-peptide, GCG and SST (d) in 
pancreas of STZ-treated recipient Monkey-#1 to #4. Scale bar, 50 μm.
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Extended Data Fig. 7 | Immuno- and histological analysis of intrahepatic hCiPSC-islet grafts. a, Representative immunofluorescence staining of GCG 
and β cell transcription factors PDX1 and NKX6.1 in intrahepatic graft of Monkey-#3 at 101 dpt. Scale bar, 50 μm. b, Proportions of C-peptide positive and 
GCG positive cells in the intraportal-islet grafts in liver sections of Monkey-#3 (n = 35). c, Immunohistochemistry staining of human cell-specific marker 
(Stem121), T cell marker (CD3), B cell marker (CD20) and macrophage marker (CD68) on liver sections of Monkey-#3. Magnified panels shown in bottom 
row. Scale bar, 200 μm (top), 50 μm (bottom). Data presented as mean values ± s.e.m.
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Extended Data Fig. 8 | Metabolic testing and immuno- and histological analysis of Monkey-#5. a, C-peptide secretion in response to glucose 
potentiated arginine (Arg) stimulation, conducted at 9 wpt (n = 3, technical replicates). b, Gross anatomy (top) and H&E staining (bottom) of major 
organs of Monkey-#5. Scale bar, 400 μm. c, Gross anatomy (left) of pancreas and H&E staining of pancreas section (right) of Monkey-#5, with islet 
structure outlined in green. Scale bar, 100 μm. d, Left: C-peptide staining of pancreas sections of STZ-treated recipient Monkey-#5. Scale bar, 400 
μm. Middle, Right: magnified panels of boxed areas. C-peptide positive cells are indicated by yellow arrowheads. Scale bar, 50 μm. e-f, Representative 
immunofluorescence staining of endocrine marker CHGA (e) and islet hormones (f) of pancreatic islets post-STZ treatment in pancreas sections 
of Monkey-#5. Scale bar, 50 μm. g, Representative immunofluorescence staining of GCG and key β cell markers PDX1 and NKX6.1 in intrahepatic 
hCiPSC-islet grafts in Monkey-#5 liver sections. Scale bar, 50 μm. h, Proportions of C-peptide and GCG positive cells in hCiPSC-islet grafts, quantified 
from immunofluorescence staining of liver sections (n = 27). Data presented as mean values ± s.e.m.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Immune responses to hCiPSC-islets detected in Monkey-#5. a-b, Flow cytometry histograms (a) and peak fluorescence intensities 
(b) depicting fluorescence shift in detection of monkey immunoglobulin G (IgG) in hCiPSC-islet cells co-incubated with serum of recipient Monkey-#5 
(sampled at 8 wpt), and serum of two non-transplanted monkeys (Without Tx-#1 and #2) as controls (n = 4). c-d, Flow cytometry histograms (c) and 
quantification (d) of Annexin V-positive populations in hCiPSC-islet cells co-incubated with serum of recipient Monkey-#5 and serum of two non-
transplanted monkeys (Without Tx-#1 and #2) as controls in complement dependent cytotoxicity assay (n = 4). Serum dilutions and incubation periods  
as indicated on the left. e, Immunofluorescence detection of complement (C4) deposition in hepatic hCiPSC-islet grafts in liver sections of Monkey-#5. 
Scale bar, 50 μm. f, Immunohistochemistry staining of CD3 (T cell marker) in hCiPSC-islet containing liver sections of Monkey-#5. Scale bar, 50 μm.  
g, Representative bright field images of IFN-γ ELISpot wells incubated with peripheral blood mononuclear cells (PBMC) of two non-transplanted monkeys 
(Without Tx-#1 and #2) or Monkey-#5 (sampled pre-transplantation (Pre-Tx) or at 8 wpt), stimulated with hCiPSC-islets. PBMCs of Monkey-#5 post-
transplant (8 wpt) alone (Null) or incubated with CD3 antibody were applied as negative and positive control. h, Number of spots (left) detected in IFN-γ 
ELISpot assay and cytokine activity (right) of various incubation conditions as quantified by ELISpot reader analysis (n = 3, technical replicates). Data 
presented as mean values ± s.e.m.
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Extended Data Fig. 10 | Characterization of PDX1+NKX6.1+C-peptide− cells of hepatic hCiPSC-islet grafts by immunofluorescence staining.  
a, PDX1+NKX6.1+C-peptide− cells were detected in the hepatic hCiPSC-islet grafts at postmortem analysis. They co-express pancreatic endocrine 
transcription factors (NKX2.2 and NeuroD1) and endodermal transcription factor (FOXA2). b, hCiPSC-islet grafts were negative for pancreatic endocrine 
progenitor marker (NGN3), ductal cell marker (SOX9) or acinar cell marker (CPA1). Corresponding positive staining controls on the right (hCiPSC-derived 
endocrine progenitors at Stage 5, day 2 or adult pancreas tissue section). c, hCiPSC-islet grafts were negative for markers of liver (ALB) and intestine 
(CDX2) tissue. Corresponding positive staining controls shown on the right (adult liver and duodenal tissue section). Scale bar, 50 μm.
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