







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature Medicine]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	nature medicine

	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 03 February 2022



                    Human pluripotent stem-cell-derived islets ameliorate diabetes in non-human primates

                    	Yuanyuan DuÂ 
            ORCID: orcid.org/0000-0002-8293-328X1,2Â na1, 
	Zhen Liang1,2Â na1, 
	Shusen WangÂ 
            ORCID: orcid.org/0000-0002-2323-65643Â na1, 
	Dong Sun1Â na1, 
	Xiaofeng Wang2Â na1, 
	Soon Yi LiewÂ 
            ORCID: orcid.org/0000-0002-9546-22291Â na1, 
	Shuaiyao LuÂ 
            ORCID: orcid.org/0000-0003-1675-97354Â na1, 
	Shuangshuang Wu2, 
	Yong Jiang2, 
	Yaqi Wang5, 
	Boya Zhang3, 
	Wenhai Yu4, 
	Zhi Lu2, 
	Yue Pu6, 
	Yun Zhang3, 
	Haiting Long4, 
	Shanshan Xiao6, 
	Rui Liang3, 
	Zhengyuan Zhang1, 
	Jingyang GuanÂ 
            ORCID: orcid.org/0000-0002-1638-33391, 
	Jinlin Wang1, 
	Huixia RenÂ 
            ORCID: orcid.org/0000-0002-1761-60187, 
	Yanling Wei2, 
	Jiaxu Zhao8, 
	Shicheng SunÂ 
            ORCID: orcid.org/0000-0002-9584-99091, 
	Tengli Liu3, 
	Gaofan Meng1,2, 
	Le Wang3, 
	Jiabin Gu2, 
	Tao Wang6, 
	Yinan Liu1, 
	Cheng LiÂ 
            ORCID: orcid.org/0000-0002-1766-14095, 
	Chao TangÂ 
            ORCID: orcid.org/0000-0003-1474-37057, 
	Zhongyang ShenÂ 
            ORCID: orcid.org/0000-0003-0045-43553, 
	Xiaozhong PengÂ 
            ORCID: orcid.org/0000-0002-9592-95544,9 & 
	â€¦
	Hongkui DengÂ 
            ORCID: orcid.org/0000-0003-3045-44281Â 

Show authors

                    

                    
                        
    Nature Medicine

                        volumeÂ 28,Â pages 272â€“282 (2022)Cite this article
                    

                    
        
            	
                        15k Accesses

                    
	
                        49 Citations

                    
	
                            70 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Diabetes
	Stem-cell differentiation


    


                
    
    

    
    

                
            


        
            Abstract
Human pluripotent stem-cell-derived islets (hPSC-islets) are a promising cell resource for diabetes treatment1,2. However, this therapeutic strategy has not been systematically assessed in large animal models physiologically similar to humans, such as non-human primates3. In this study, we generated islets from human chemically induced pluripotent stem cells (hCiPSC-islets) and show that a one-dose intraportal infusion of hCiPSC-islets into diabetic non-human primates effectively restored endogenous insulin secretion and improved glycemic control. Fasting and average pre-prandial blood glucose levels significantly decreased in all recipients, accompanied by meal or glucose-responsive C-peptide release and overall increase in body weight. Notably, in the four long-term follow-up macaques, average hemoglobin A1c dropped by over 2% compared with peak values, whereas the average exogenous insulin requirement reduced by 49% 15 weeks after transplantation. Collectively, our findings show the feasibility of hPSC-islets for diabetic treatment in a preclinical context, marking a substantial step forward in clinical translation of hPSC-islets.
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                    Fig. 1: hCiPSC-derived islets generated in vitro resemble primary human islets and reverse diabetes in mice.[image: ]


Fig. 2: Intraportal infusion of hCiPSC-islets led to improvement of glycemic control in immunosuppressed diabetic rhesus macaques.[image: ]


Fig. 3: hCiPSC-islet transplanted diabetic macaques showed significant reduction of exogenous insulin requirement and overall increase of body weight.[image: ]


Fig. 4: Detection of secreted C-peptide in hCiPSC-islet transplanted diabetic rhesus macaques.[image: ]


Fig. 5: Amelioration of diabetes by intrahepatic infusion of hCiPSC-islets into a macaque (Monkey 5), which was treated with exogenous insulin for 6 months after STZ injection.[image: ]
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Extended data

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 Î² cell markers at the end of Stage 6 (nâ€‰=â€‰5). b, Flow cytometry analysis of Î² 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 (nâ€‰=â€‰4). c, Continuous stage-wise tracking of pancreatic progenitor, endocrine progenitor, and Î² cell markers by flow cytometry throughout the differentiation protocol (nâ€‰=â€‰3). d, qRT-PCR analysis of key pancreatic Î² cell genes in hCiPSC-islets aggregates (nâ€‰=â€‰6) and human islets (nâ€‰=â€‰5). e, Representative immunostaining of key Î² cell transcription factors in sectioned hCiPSC-islets. Scale bar, 50 Î¼m. f, Continuous stage-wise tracking of UCN3 expression by qRT-PCR analysis during hCiPSC-islet differentiation (nâ€‰=â€‰3) and in human islet sample (nâ€‰=â€‰3). Relative gene expression was normalized to hCiPSCs (nâ€‰=â€‰3). g, Immunofluorescence staining of UCN3, C-peptide and GCG in sectioned hCiPSC-islet and sectioned human pancreas as control. Scale bar, 25 Î¼m (top), 50 Î¼m (bottom). Similar results were obtained on three independent hCiPSC differentiation batches. Data presented as mean values Â± s.e.m.
Source data


Extended Data Fig. 2 Characterization of glucose stimulated responses and granule properties of hCiPSC-islets.
a, C-peptide secretion of Stage 6 aggregates (nâ€‰=â€‰7) and primary human islets (nâ€‰=â€‰6) in static glucose stimulation assay under low glucose (2.8â€‰mM), high glucose (16.7â€‰mM) and depolarization by 30â€‰mM KCl. Glucose stimulation index as indicated above bars. b, Insulin secretion of human islets (top; nâ€‰=â€‰4) and hCiPSC-islets (bottom; nâ€‰=â€‰5) in dynamic perifusion assay. c, Dynamic Cal-520-AM fluorescence intensity trace of human islets (top; nâ€‰=â€‰10) and hCiPSC-islets (bottom; nâ€‰=â€‰10) during sequential glucose challenge with low (2â€‰mM), high (20â€‰mM) glucose or depolarization with 30â€‰mM KCl. d, Representative immuno-electron micrographs of secretory granules double immunogold labeled with insulin (6â€‰nm) and glucagon (15â€‰nm), with enlarged images of an individual granule shown on the right. Scale bar, 500â€‰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 Î¼m. f, Proportions of insulin, glucagon and mixed granule containing cells quantified by morphological analysis of TEM images of hCiPSC-islets (nâ€‰=â€‰6). Data presented as mean values Â± s.e.m.
Source data


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, 0.1â€‰cm. Middle, right: H&E histology of kidney section, depicting hCiPSC-islet graft and graft vascularization. Scale bar, 200 Î¼m (middle), 75 Î¼m (right). b, Representative immunofluorescence staining of GCG and key Î² cell transcription factors PDX1 and NKX6.1 in hCiPSC-islet graft sections at 16 wpt. Scale bar, 50 Î¼m. c, Quantification of SST and C-peptide expressing subpopulations in hCiPSC-islet graft sections at 16 wpt (nâ€‰=â€‰4). d, Tracking of body weight of hCiPSC-islet transplanted diabetic mice (nâ€‰=â€‰22). e, Changes in blood glucose levels in response to intraperitoneal glucose tolerance test (IPGTT) of healthy (nâ€‰=â€‰8) and STZ-induced diabetic mice groups with (nâ€‰=â€‰17) and without (nâ€‰=â€‰8) hCiPSC-islet transplantation at 16 wpt. f, Survival rate of STZ-induced diabetic mice groups with (red; nâ€‰=â€‰63) and without (black; nâ€‰=â€‰22) hCiPSC-islet transplantation. Data presented as mean values Â± s.e.m.
Source data


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 Î¼m. 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, nâ€‰=â€‰21, 15 and 22 animals transplanted for hCiPSC line #2, #3 and #4 respectively. e-f, Representative immunofluorescence staining of Î² cell markers (e) and islet hormones and maturation marker UCN3 (f) in hCiPSC-islet graft at 48 wpt. Scale bar, 50 Î¼m. Data presented as mean values Â± s.e.m.
Source data


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 Î¼m.


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 Î¼m. b, Left: C-peptide staining of pancreas sections of healthy control monkey and STZ-treated recipient Monkey-#1 to #4. Scale bar, 400 Î¼m. Middle, Right: Magnified panels of boxed areas. Scale bar, 100 Î¼m. 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 Î¼m.


Extended Data Fig. 7 Immuno- and histological analysis of intrahepatic hCiPSC-islet grafts.
a, Representative immunofluorescence staining of GCG and Î² cell transcription factors PDX1 and NKX6.1 in intrahepatic graft of Monkey-#3 at 101 dpt. Scale bar, 50 Î¼m. b, Proportions of C-peptide positive and GCG positive cells in the intraportal-islet grafts in liver sections of Monkey-#3 (nâ€‰=â€‰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 Î¼m (top), 50 Î¼m (bottom). Data presented as mean values Â± s.e.m.
Source data


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 (nâ€‰=â€‰3, technical replicates). b, Gross anatomy (top) and H&E staining (bottom) of major organs of Monkey-#5. Scale bar, 400 Î¼m. 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 Î¼m. d, Left: C-peptide staining of pancreas sections of STZ-treated recipient Monkey-#5. Scale bar, 400 Î¼m. Middle, Right: magnified panels of boxed areas. C-peptide positive cells are indicated by yellow arrowheads. Scale bar, 50 Î¼m. 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 Î¼m. g, Representative immunofluorescence staining of GCG and key Î² cell markers PDX1 and NKX6.1 in intrahepatic hCiPSC-islet grafts in Monkey-#5 liver sections. Scale bar, 50 Î¼m. h, Proportions of C-peptide and GCG positive cells in hCiPSC-islet grafts, quantified from immunofluorescence staining of liver sections (nâ€‰=â€‰27). Data presented as mean values Â± s.e.m.
Source data


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 (nâ€‰=â€‰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 (nâ€‰=â€‰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 Î¼m. f, Immunohistochemistry staining of CD3 (T cell marker) in hCiPSC-islet containing liver sections of Monkey-#5. Scale bar, 50 Î¼m. g, Representative bright field images of IFN-Î³ 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-Î³ ELISpot assay and cytokine activity (right) of various incubation conditions as quantified by ELISpot reader analysis (nâ€‰=â€‰3, technical replicates). Data presented as mean values Â± s.e.m.
Source data


Extended Data Fig. 10 Characterization of PDX1+NKX6.1+C-peptideâˆ’ cells of hepatic hCiPSC-islet grafts by immunofluorescence staining.
a, PDX1+NKX6.1+C-peptideâˆ’ 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 Î¼m.
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