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            Abstract
The small intestine is the main organ for nutrient absorption, and its extensive resection leads to malabsorption and wasting conditions referred to as short bowel syndrome (SBS). Organoid technology enables an efficient expansion of intestinal epithelium tissue in vitro1, but reconstruction of the whole small intestine, including the complex lymphovascular system, has remained challenging2. Here we generate a functional small intestinalized colon (SIC) by replacing the native colonic epithelium with ileum-derived organoids. We first find that xenotransplanted human ileum organoids maintain their regional identity and form nascent villus structures in the mouse colon. In vitro culture of an organoid monolayer further reveals an essential role for luminal mechanistic flow in the formation of villi. We then develop a rat SIC model by repositioning the SIC at the ileocaecal junction, where the epithelium is exposed to a constant luminal stream of intestinal juice. This anatomical relocation provides the SIC with organ structures of the small intestine, including intact vasculature and innervation, villous structures, and the lacteal (a fat-absorbing lymphatic structure specific to the small intestine). The SIC has absorptive functions and markedly ameliorates intestinal failure in a rat model of SBS, whereas transplantation of colon organoids instead of ileum organoids invariably leads to mortality. These data provide a proof of principle for the use of intestinal organoids for regenerative purposes, and offer a feasible strategy for SBS treatment.
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                    Fig. 1: Xenotransplanted human ileum organoids rebuild villus structures in the mouse colon.[image: ]


Fig. 2: Two-dimensional culture of human small intestinal and colon organoids.[image: ]


Fig. 3: Generation of SIC.[image: ]


Fig. 4: Therapeutic effect of SIC in rat SBS models.[image: ]
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              Raw RNA-seq data have been deposited to the Japanese Genotype-phenotype Archive under accession number JGAS000256. The approved ethical protocol requires that the raw data be deposited at the National Bioscience Database Center (NBDC; https://biosciencedbc.jp/en/) and available under controlled access for protection of patientsâ€™ privacy. Data users need to fulfil the NBDC Guidelines for Human Data Sharing (https://humandbs.biosciencedbc.jp/en/guidelines/data-sharing-guidelines) and the NBDC Security Guidelines for Human Data (for Data Users) (https://humandbs.biosciencedbc.jp/en/guidelines/security-guidelines-for-users). In detail, data users need to conform to the following requirements. First, indicate that the head of the institution to which the data users belong has given permission to implement the research plan that includes the dataset the data users plan to use. Second, provide evidence that the data users have engaged in research related to the dataset the data users plan to use. Third, indicate that the data users have implemented security measures appropriate to the access level of the dataset the data user plans to use. Fourth, obtain approval from the NBDC Human Data Review Board (details on how to apply can be found at https://humandbs.biosciencedbc.jp/en/data-use). The read count data are freely available from Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) under accession number GSE163706. Whole 16S rRNA sequencing data are freely available from the DNA Data Bank of Japan (DDBJ; https://www.ddbj.nig.ac.jp/index-e.html) under accession number DRA009677. Source data are provided with this paper.

            

References
	Sato, T. et al. Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche. Nature 459, 262â€“265 (2009).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Clevers, H. et al. Tissue-engineering the intestine: the trials before the trials. Cell Stem Cell 24, 855â€“859 (2019).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Middendorp, S. et al. Adult stem cells in the small intestine are intrinsically programmed with their location-specific function. Stem Cells 32, 1083â€“1091 (2014).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Buchman, A. L., Scolapio, J. & Fryer, J. AGA technical review on short bowel syndrome and intestinal transplantation. Gastroenterology 124, 1111â€“1134 (2003).
PubMedÂ 
    
                    Google ScholarÂ 
                

	Duggan, C. P. & Jaksic, T. Pediatric intestinal failure. N. Engl. J. Med. 377, 666â€“675 (2017).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Thompson, J. S., Weseman, R., Rochling, F. A. & Mercer, D. F. Current management of the short bowel syndrome. Surg. Clin. North Am. 91, 493â€“510 (2011).
PubMedÂ 
    
                    Google ScholarÂ 
                

	Nightingale, J. & Woodward, J. M. Guidelines for management of patients with a short bowel. Gut 55 (Suppl 4), iv1â€“iv12 (2006).
PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Warner, B. W. The pathogenesis of resection-associated intestinal adaptation. Cell. Mol. Gastroenterol. Hepatol. 2, 429â€“438 (2016).
PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Amiot, A., Messing, B., Corcos, O., Panis, Y. & Joly, F. Determinants of home parenteral nutrition dependence and survival of 268 patients with non-malignant short bowel syndrome. Clinical Nutrition 32, 368â€“374 (2013).
PubMedÂ 
    
                    Google ScholarÂ 
                

	Massironi, S. et al. Understanding short bowel syndrome: current status and future perspectives. Dig. Liver. Dis. 52, 253â€“261 (2020).
PubMedÂ 
    
                    Google ScholarÂ 
                

	Drucker, D. J. & Yusta, B. Physiology and pharmacology of the enteroendocrine hormone glucagon-like peptide-2. Annu. Rev. Physiol. 76, 561â€“583 (2014).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Kesseli, S. & Sudan, D. Small bowel transplantation. Surg. Clin. North Am. 99, 103â€“116 (2019).
PubMedÂ 
    
                    Google ScholarÂ 
                

	Yui, S. et al. Functional engraftment of colon epithelium expanded in vitro from a single adult Lgr5+ stem cell. Nat. Med. 18, 618â€“623 (2012).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Fordham, R. P. et al. Transplantation of expanded fetal intestinal progenitors contributes to colon regeneration after injury. Cell Stem Cell 13, 734â€“744 (2013).
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Sugimoto, S. et al. Reconstruction of the human colon epithelium in vivo. Cell Stem Cell 22, 171â€“176 (2018).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Bein, A. et al. Microfluidic organ-on-a-chip models of human intestine. Cell. Mol. Gastroenterol. Hepatol. 5, 659â€“668 (2018).
PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kitano, K. et al. Bioengineering of functional human induced pluripotent stem cell-derived intestinal grafts. Nat. Commun. 8, 765 (2017).
ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Spurrier, R. G. & Grikscheit, T. C. Tissue engineering the small intestine. Clin. Gastroenterol. Hepatol. 11, 354â€“358 (2013).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Moor, A. E. et al. Spatial reconstruction of single enterocytes uncovers broad zonation along the intestinal villus axis. Cell 175, 1156â€“1167 (2018).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Demehri, F. R. et al. Enteral autonomy in pediatric short bowel syndrome: predictive factors one year after diagnosis. J. Pediatr. Surg. 50, 131â€“135 (2015).
PubMedÂ 
    
                    Google ScholarÂ 
                

	Dorney, S. F., Ament, M. E., Berquist, W. E., Vargas, J. H. & Hassall, E. Improved survival in very short small bowel of infancy with use of long-term parenteral nutrition. J. Pediatr. 107, 521â€“525 (1985)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Fujii, M. et al. Human intestinal organoids maintain self-renewal capacity and cellular diversity in niche-inspired culture condition. Cell Stem Cell 23, 787â€“793 (2018).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hakamata, Y., Murakami, T. & Kobayashi, E. â€œFirefly ratsâ€� as an organ/cellular source for long-term in vivo bioluminescent imaging. Transplantation 81, 1179â€“1184 (2006).
PubMedÂ 
    
                    Google ScholarÂ 
                

	Buchman, A. L. et al. Parenteral nutrition is associated with intestinal morphologic and functional changes in humans. J. Parenteral Enteral Nutr. 19, 453â€“460 (1995).
CASÂ 
    
                    Google ScholarÂ 
                

	Leeper, L. L. & Henning, S. J. Development and tissue distribution of sucrase-isomaltase mRNA in rats. Am. J. Physiol. 258, G52â€“G58 (1990).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Altmann, S. W. et al. Niemann-pick C1 like 1 protein is critical for intestinal cholesterol absorption. Science 303, 1201â€“1204 (2004).
ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Sheahan, D. G. & Jervis, H. R. Comparative histochemistry of gastrointestinal mucosubstances. Am. J. Anat. 146, 103â€“131 (1976).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Honda, K. & Littman, D. R. The microbiota in adaptive immune homeostasis and disease. Nature 535, 75â€“84 (2016).
ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Watson, C. L. et al. An in vivo model of human small intestine using pluripotent stem cells. Nat. Med. 20, 1310â€“1314 (2014).
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kim, H. J., Huh, D., Hamilton, G. & Ingber, D. E. Human gut-on-a-chip inhabited by microbial flora that experiences intestinal peristalsis-like motions and flow. Lab Chip 12, 2165â€“2174 (2012).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Kasendra, M. et al. Development of a primary human small intestine-on-a-chip using biopsy-derived organoids. Sci. Rep. 8, 2871 (2018).
ADSÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Meran, L. et al. Engineering transplantable jejunal mucosal grafts using patient-derived organoids from children with intestinal failure. Nat. Med. 26, 1593â€“1601 (2020).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Fujii, M., Sugimoto, S. & Sato, T. Linking human intestinal scaffolds and organoids to combat intestinal failure. Nat. Med. 26, 1517â€“1518 (2020).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ito, M. et al. NOD/SCID/Î³cnull mouse: an excellent recipient mouse model for engraftment of human cells. Blood 100, 3175â€“3182 (2002).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Fujii, M. et al. A colorectal tumor organoid library demonstrates progressive loss of niche factor requirements during tumorigenesis. Cell Stem Cell 18, 827â€“838 (2016).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Mihara, E. et al. Active and water-soluble form of lipidated Wnt protein is maintained by a serum glycoprotein afamin/Î±-albumin. eLife 5, e11621 (2016).
PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Ootani, A. et al. Sustained in vitro intestinal epithelial culture within a Wnt-dependent stem cell niche. Nat. Med. 15, 701â€“706 (2009).
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Sugimoto, S., Fujii, M. & Sato, T. Organoid derivation and orthotopic xenotransplantation for studying human intestinal stem cell dynamics. Methods Mol. Biol. 2171, 303â€“320 (2020).
PubMedÂ 
    
                    Google ScholarÂ 
                

	Matano, M. et al. Modeling colorectal cancer using CRISPR-Cas9-mediated engineering of human intestinal organoids. Nat. Med. 21, 256â€“262 (2015).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Fukuda, M. et al. Small intestinal stem cell identity is maintained with functional Paneth cells in heterotopically grafted epithelium onto the colon. Genes Dev. 28, 1752â€“1757 (2014).
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Gambee, L. P., Garnjobst, W. & Hardwick, C. E. Ten yearsâ€™ experience with a single layer anastomosis in colon surgery. Am. J. Surg. 92, 222â€“227 (1956).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Caporaso, J. G. et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335â€“336 (2010).
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kuczynski, J. et al. Using QIIME to analyze 16S rRNA gene sequences from microbial communities. Curr. Protoc. Bioinf. 36, 10.7.1â€“10.7.20 (2011).

                    Google ScholarÂ 
                

	Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C. & Knight, R. UCHIME improves sensitivity and speed of chimera detection. Bioinformatics 27, 2194â€“2200 (2011).
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Edgar, R. C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26, 2460â€“2461 (2010).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Segata, N. et al. Metagenomic biomarker discovery and explanation. Genome Biol. 12, R60 (2011).
PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Bernier-Latmani, J. & Petrova, T. V. High-resolution 3D analysis of mouse small-intestinal stroma. Nat. Protocols 11, 1617â€“1629 (2016).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
This work was in part supported by the Japan Agency for Medical Research and Development (AMED)â€“CREST (grant number JP20gm1210001), AMED (grant number JP20bm0304001), JSPS KAKENHI (grant numbers 20H03746 and JP17H06176), The Mochida Memorial Foundation for Medical and Pharmaceutical Research, and Keio University Academic Development Funds. K.T. was supported by the Japan Society for the Promotion of Science Research Fellowships for Young Scientists. We thank the Collaborative Research Resources and JSRâ€“Keio University Medical and Chemical Innovation Center (JKiC), Keio University School of Medicine for technical support (T. Tajima from Olympus).


Author information
Authors and Affiliations
	Department of Organoid Medicine, Keio University School of Medicine, Tokyo, Japan
Shinya Sugimoto,Â Masayuki Fujii,Â Yuki Ohta,Â Kazuya Arai,Â Mami Matano,Â Keiko Ishikawa,Â Kohta Toshimitsu,Â Sirirat Takahashi,Â Kosaku NankiÂ &Â Toshiro Sato

	Department of Gastroenterology, Keio University School of Medicine, Tokyo, Japan
Shinya Sugimoto,Â Keiko Ishikawa,Â Kentaro Miyamoto,Â Kohta Toshimitsu,Â Kosaku Nanki,Â Takanori KanaiÂ &Â Toshiro Sato

	Department of Organ Fabrication, Keio University School of Medicine, Tokyo, Japan
Eiji Kobayashi

	Department of Surgical Oncology, The University of Tokyo, Tokyo, Japan
Masayuki Fujii

	JSRâ€“Keio University Medical and Chemical Innovation Center (JKiC), JSR Corporation, Tokyo, Japan
Kazuya Arai

	Miyarisan Pharmaceutical Co. Ltd, Tokyo, Japan
Kentaro Miyamoto

	School of Veterinary Nursing and Technology, Nippon Veterinary and Life Science University, Tokyo, Japan
Yoji Hakamata

	Research Center for Animal Life Science, Nippon Veterinary and Life Science University, Tokyo, Japan
Yoji Hakamata


Authors	Shinya SugimotoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Eiji KobayashiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Masayuki FujiiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yuki OhtaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kazuya AraiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Mami MatanoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Keiko IshikawaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kentaro MiyamotoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kohta ToshimitsuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Sirirat TakahashiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kosaku NankiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yoji HakamataView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Takanori KanaiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Toshiro SatoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
S.S., E.K. and Y.H. performed and analysed animal experiments. E.K. developed the surgical techniques for SIC generation. S.S., Y.O., K.I. and S.T. performed imaging analyses. S.S., M.F., K.A., M.M. and K.N. established and cultured the organoids. S.S., Y.O. and K.T. analysed the data. K.M. carried out sequencing of faecal 16S rRNA and microbial analyses. T.K. provided materials and resources. S.S., E.K. and T.S. conceived the project and designed experiments. S.S., M.F. and T.S. wrote the manuscript with input from the other authors.
Corresponding authors
Correspondence to
                Eiji Kobayashi or Toshiro Sato.


Ethics declarations

              
                Competing interests

                T.S. is an inventor on several patents related to organoid culture, which are not directly based on the current work. K.A. is an employee of JSR Corporation. A patent application for the technology involved in rotating monolayer organoid cultures and cultured organoids was filed on 3 December 2020 (Japanese Patent Application 2020-201332); the applicants are Keio University and JSR Corporation; the inventors are T.S., S.S. and K.A. All other authors declare no competing interests.

              
            

Additional information
Peer review information Nature thanks Robert Cowles, Kim Jensen, Matthias Lutolf and Christopher Stewart for their contribution to the peer review of this work.
Publisherâ€™s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 Histological and ultrastructural analysis of xenotransplanted human ileum tissue.
a, Toluidine blue staining of a xenotransplanted human ileum tissue. b, Representative TEM images of enterocytes and goblet cells, Paneth cells and enteroendocrine cells. c, Immunostaining of IBAT in xenotransplanted ileum and colon epithelium. d, Representative images of the areas used to measure LYVE-1-positive lacteal vessels in human ileum (nÂ =Â 6) and colon (nÂ =Â 10) xenografts. Regions surrounded by black lines are xenografts of human tissues. White arrowheads show lacteals. e, Area of enclosed LYVE-1-positive lacteal vessels per crypt in human ileum (nÂ =Â 6) and colon (nÂ =Â 10) xenografts. f, Representative images of podoplanin (D2-40)-positive lacteal vessels in human ileum (nÂ =Â 3) and colon (nÂ =Â 3) tissues. g, Area of enclosed podoplanin-positive lacteal vessels per crypt in human ileum (nÂ =Â 3) and colon (nÂ =Â 3). aâ€“d, f, Representative images from two (a, b), three (c, f) and six or ten (d) biologically independent samples analysed with similar results. Scale bars, 4Â Î¼m (b), 100Â Î¼m (c), 200Â Î¼m (a) and 500Â Î¼m (d, f). e, g, Bars represent means (e, g). *PÂ =Â 0.041 (two-sided Welchâ€™s t-test) (e).
Source data


Extended Data Fig. 2 Analysis of 2D human duodenum and ileum organoids.
a, Microscopic views of 2D ileum organoids cultured for four days after confluence in the presence (bottom) or absence (top) of continuous medium agitation. Shown is histopathology (haematoxylin-and-eosin staining, H&E) of the vertical cross-sectional view for each condition. b, Multiphoton imaging of 2D ileum organoids with flow (LGR5Â reporter, red). c, Immunofluorescence staining of ACE2 in flow-stimulated 2D duodenum organoids and a human duodenum tissue. d, Immunofluorescence staining of Ki67 and markers of differentiated intestinal cells in 2D duodenum organoids with (top) or without (bottom) flow. e, Hierarchical clustering of 2D duodenum organoids after 0, 1, 2 or 4 days of medium rotation, using genes that were differentially expressed among the time points. f, Staining of sucrase-isomaltase and IBAT in 2D cultures of ileum organoids with or without continuous flow. g, Left, TEM images of 2D ileum organoids. Right, length of microvilli in 2D ileum organoids with or without flow. bâ€“d, Nuclear counterstaining is in white. a, Representative images from ten experiments with similar results using two different organoid lines (nÂ =Â 2). bâ€“d, f, g, Representative images from one (g), two (b) and three (c, d, f) experiments with similar results. Scale bars, 1Â Î¼m (g, right), 4Â Î¼m (g, left), 50Â Î¼m (c, d), 100Â Î¼m (b) and 200Â Î¼m (a, f). g, Centre lines show means; ***PÂ <Â 0.001 (one-way ANOVA with post-hoc Tukeyâ€™s multiple comparison test).
Source data


Extended Data Fig. 3 Surgical procedures for performing jejunoileal resection in rats.
a, b, Diagrams and images showing total (a) and subtotal (b) jejunoileal resection. In the subtotal resection group, 3Â cm of the terminal ileum was preserved. White arrowheads indicate anastomosis sites.


Extended Data Fig. 4 Rat SBS models.
a, Diagrams showing the SBS models. In the total resection group, jejunoileum from the beginning of the jejunum to the terminal ileum was resected. In the subtotal resection group, 3Â cm of the terminal ileum was preserved. b, c, Changes in body weight (b) and overall survival (c) of the rats in the control (nÂ =Â 4; black), subtotal resection (nÂ =Â 4; orange) and total resection (nÂ =Â 4; blue) groups. Data are normalized to the body weight at day 0. Each cross mark shows that the rat was killed according to the euthanasia criteria. Boxed crosses represent scheduled euthanasia for sample analysis. PÂ =Â 0.002; two-sided log-rank test (c). d, Serum levels of vitamin B12, albumin and total cholesterol in each group (nÂ =Â 4 each). Bars represent mean values, with data collected from two independent experiments. d, *PÂ =Â 0.032; **PÂ =Â 0.002; ***PÂ <Â 0.001 (one-way ANOVA with post-hoc Tukeyâ€™s multiple comparison test).
Source data


Extended Data Fig. 5 Rat SBS models with various patterns of jejunoileum preservation.
a, Diagrams showing the SBS models. In the total resection group, jejunoileum from the beginning of the jejunum to the terminal ileum was resected. In the subtotal resection group, 1Â cm of the terminal ileum was preserved. b, c, Changes in body weight (b) and overall survival (c) of rats in the subtotal resection (nÂ =Â 5; green) and total resection (nÂ =Â 5; blue) groups. PÂ =Â 0.008; two-sided log-rank test (b). d, Diagrams showing SBS models with jejunum preservation. In the total resection group, 4Â cm of the jejunum were preserved; the ileum was not. In the subtotal resection group, 4Â cm of the jejunum and 1Â cm or 3Â cm of the terminal ileum were preserved. e, f, Changes in body weight (e) and overall survival (f) of rats in the control (nÂ =Â 3; black), subtotal resection (1 cm, nÂ =Â 5, green; 3 cm, nÂ =Â 3, orange) and total resection (nÂ =Â 3; blue) groups. PÂ =Â 0.025; two-sided log-rank test for trend (f). Data are normalized to the body weight at day 0 (b, e). Each cross shows that the rat was killed according to euthanasia criteria. Boxed crosses represent scheduled euthanasia for sample analysis.
Source data


Extended Data Fig. 6 Gene-expression profiles in rat jejunum and ileum organoids.
a, b, Expression of Gip, Pdx1 (a), Slc10a2 (IBAT) and Reg3g (b) in rat jejunum, ileum and colon organoids in the presence or absence of afamin/WNT3A and noggin. Expression values are shown relative to Actb expression. Data are meansÂ Â±Â s.e.m. N.D., not detected. Data are representative of two independent experiments performed in technical triplicate with similar results.
Source data


Extended Data Fig. 7 Transplantation of rat ileum organoids and the refined anastomosis method.
a, Procedures for organoid transplantation, showing clamping of vessels in the dissected colon (left), transplantation of colon or ileum organoids (middle) and retention of organoids in the lumen (right). b, H&E staining of control colon and epithelium-removed colon; and H&E and sucrose-isomaltase staining of epithelium-removed colonic segment one week after organoid transplantation. c, Diagrams and images showing the conventional and refined methods for anastomosing the start of the jejunum and the oral side of SIC. Each end of the intestine was diagonally cut to broaden the calibre of the anastomosis and to prevent stenosis. d, Crypt-villus lengths in the rat control ileum, transplanted ileum in stoma, and transplanted ileum in interposition (nÂ =Â 3 rats each, nÂ =Â 20 crypts each). The crypt-villus length was measured by an independent researcher in a blinded manner. e, Diagram and image of the SIC returned to its initial position one week after the initial surgery. f, H&E and sucrase-isomaltase staining of the transplanted ileum returned to the initial position one month after organoid transplantation. g, Alcian blue/PAS staining of the transplanted ileum, control colon and ileum. c, e, White arrowheads indicate anastomosis sites. b, f, g, Representative images from three (b) and four (f, g) biologically independent samples analysed with similar results; scale bars, 50Â Î¼m (b) and 200Â Î¼m (f, g). d, Centre lines show means; ***PÂ <Â 0.001 (one-way ANOVA with post-hoc Tukeyâ€™s multiple comparison test).
Source data


Extended Data Fig. 8 Histopathology of transplanted ileum and colon epithelium in the rat colostomy.
a, Sucrase-isomaltase staining of the transplanted ileum returned to the interposition (days 1, 2, 4, 7, 10 and 30). b, Percentage of sucrose-isomaltase-positive crypt-villus lengths in the rat control ileum, transplanted ileum in stoma at the time of interposition, and transplanted ileum in interposition in each time point (nÂ =Â 20 or 40 crypts each). c, Co-staining of luciferase ISH (red; transplanted cells) and Muc2 (green; goblet cells) in SIC. dâ€“f, Rat Lgr5 ISH (red; stem cells) and lysozyme staining (green; Paneth cells) in SIC. White arrowheads indicate Paneth cells (d). The areas framed with white lines in d are shown in higher magnification in e, f. g, Luciferase ISH (red) and NPC1L1 staining (green) in the transplanted ileum (left) and colon (right) epithelium. h, The border between the recipient colon and transplanted ileum epithelium in the interposed SIC, identified by H&E (top) and Alcian blue/PAS (bottom) staining. i, Representative bioluminescent images of ileum organoid-transplanted rats, showing stable engraftment of luciferase-positive grafts. j, Estimated area of engrafted luciferase-positive transplanted ileum (nÂ =Â 5; red) and colon (nÂ =Â 3; blue) organoids in criteria-based or scheduled euthanized rats. k, l, Immunostaining of TUBB3 (k) and S100 (l) in the transplanted ileum and control ileum. m, Whole-mount staining of LYVE-1 in colon organoid-transplanted tissue. n, Immunostaining of CD31 in the transplanted ileum tissue. Insets show higher magnification. c, d, h, White dotted line indicates the margin between the colon and transplanted ileum epithelium. a, câ€“h, kâ€“n, Representative images from one (a), two (câ€“g, kâ€“m), three (n) and ten (h) biologically independent samples analysed with similar results; scale bars, 50Â Î¼m (e, f), 100Â Î¼m (c, d, g) and 200Â Î¼m (a, h, kâ€“n). câ€“g, kâ€“n, Nuclear counterstaining is in white. b, Centre lines show medians; ***PÂ <Â 0.001 (one-way ANOVA).
Source data


Extended Data Fig. 9 Absorptive analysis of AMCA peptide and NBDâ€“glucose in SIC.
a, b, Representative images of the superficial epithelium (colon, ileum, ileum-transplanted tissue, or colon-transplanted tissue) after exposure to AMCA peptide (a) or NBDâ€“glucose (b) with or without the indicated inhibitors. c, d, Comparison of the sums of AMCA (c) or NBD (d) intensities divided by the total nucleus area per single microscopic field in each tissue. Each dot represents one microscopic field (nÂ =Â 10 field, each) and each colour shows an individual experiment. aâ€“d, Results are shown from three (control colon and control ileum), four (ileum-transplanted tissue) and two (colon-transplanted tissue) biologically independent samples with similar results. a, b, Scale bars, 100Â Î¼m; white, nuclear counterstaining. c, d, Centre lines show medians; box limits show upper and lower quartiles; whiskers show 1.5Â Ã—Â interquartile range.
Source data


Extended Data Fig. 10 Faecal microbial profile of SBS rats.
a, Left, PCoA based on the Brayâ€“Curtis dissimilarity of bacterialÂ community structures for rat faecal microbiota from the control (nÂ =Â 6), total resection (0Â cm; nÂ =Â 8), subtotal resection (1Â cm, nÂ =Â 5; 3Â cm, nÂ =Â 4) and transplanted (colon, nÂ =Â 4; ileum, nÂ =Â 4) groups. Right, distribution of Brayâ€“Curtis distances between the microbiota of each group. A distance of 0 represents an identical microbiota composition; 1 represents a complete dissimilarity. b, Number of OTUs in the faecal microbiota of the control (nÂ =Â 6), total resection (0Â cm; nÂ =Â 8), subtotal resection (1Â cm, nÂ =Â 5; 3 cm, nÂ =Â 4) and transplanted (colon, nÂ =Â 4; ileum, nÂ =Â 4) groups. câ€“e, Bar charts showing LDA effect size scores of taxa that are differentially abundant among groups. Red bars represent the relative abundance of microbiota identified in healthy control rats (c) that are also identified in the ileum organoid-transplanted group (d, e). Blue bars represent the relative abundance of microbiota identified in the total resection group (d) or the colon organoid-transplanted group (e) that are also identified in the total resection group in c. a, Right, centre lines show medians; box limits show upper and lower quartiles; whiskers show 1.5Â Ã—Â interquartile range. f_, species of the family; g_, species of the genus; g__, undefined species of the genus. b, Data are shown as meansÂ Â±Â s.d. a, b, *PÂ =Â 0.033; **PÂ =Â 0.001; ***PÂ <Â 0.001 (one-way ANOVA with post-hoc Tukeyâ€™s multiple comparison test).
Source data
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Reporting Summary

Video 1
: Whole-mount staining of Lyve-1 in a human ileum xenograft. Whole-mount Lyve-1 staining (red) of a human ileum xenograft tissue (blue; RFP, right) overlaid with NBD cholesterol fluorescence (green; NBD, left).


Video 2
: Generation of luminal flow on a rotary shaker. Human intestinal organoid monolayers were cultured on ThinCert 24-well plates, and medium flow was generated by shaking them on a rotary shaker at 150 rpm.


Video 3
: Whole-mount image of monolayer human duodenum organoids cultured with continuous flow. Multi-photon Z stack images of monolayer cultured human duodenum organoids. Membrane counterstaining; red. Nuclear counterstaining; white. Scale bar, 100 Î¼m.


Video 4
: Periodic peristalsis of organoid-transplanted colon segment. Periodic peristalsis of ileum organoid-transplanted colon segment interposed between the jejunum and ileum ends with metoclopramide administration (4Ã— speed). Bioluminescent images of SIC (left) demonstrates stable engraftment of Luciferase+ organoids.


Video 5
: 3D-reconstruction of a Lyve-1+ lacteal in SIC. Whole-mount staining of Lyve-1 (red) in an ileum organoid-transplanted rat tissue. Nuclear counterstaining; white.





Source data
Source Data Fig. 4

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9

Source Data Extended Data Fig. 10




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Sugimoto, S., Kobayashi, E., Fujii, M. et al. An organoid-based organ-repurposing approach to treat short bowel syndrome.
                    Nature 592, 99â€“104 (2021). https://doi.org/10.1038/s41586-021-03247-2
Download citation
	Received: 16 April 2019

	Accepted: 18 January 2021

	Published: 24 February 2021

	Issue Date: 01 April 2021

	DOI: https://doi.org/10.1038/s41586-021-03247-2


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Organoids transplantation attenuates intestinal ischemia/reperfusion injury in mice through L-Malic acid-mediated M2 macrophage polarization
                                    
                                

                            
                                
                                    	Fang-Ling Zhang
	Zhen Hu
	Ke-Xuan Liu


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Stem cell-derived intestinal organoids: a novel modality for IBD
                                    
                                

                            
                                
                                    	Cheng-mei Tian
	Mei-feng Yang
	De-feng Li


                                
                                Cell Death Discovery (2023)

                            
	
                            
                                
                                    
                                        Patient-level costing analysis of paediatric short bowel syndrome care in a specialist tertiary centre
                                    
                                

                            
                                
                                    	Brendan C. Jones
	Benjamin Oâ€™Sullivan
	Paolo De Coppi


                                
                                Pediatric Surgery International (2022)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
