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            Abstract
The enteric nervous system (ENS) of the gastrointestinal tract controls many diverse functions, including motility and epithelial permeability. Perturbations in ENS development or function are common, yet there is no human model for studying ENS-intestinal biology and disease. We used a tissue-engineering approach with embryonic and induced pluripotent stem cells (PSCs) to generate human intestinal tissue containing a functional ENS. We recapitulated normal intestinal ENS development by combining human-PSC-derived neural crest cells (NCCs) and developing human intestinal organoids (HIOs). NCCs recombined with HIOs in vitro migrated into the mesenchyme, differentiated into neurons and glial cells and showed neuronal activity, as measured by rhythmic waves of calcium transients. ENS-containing HIOs grown in vivo formed neuroglial structures similar to a myenteric and submucosal plexus, had functional interstitial cells of Cajal and had an electromechanical coupling that regulated waves of propagating contraction. Finally, we used this system to investigate the cellular and molecular basis for Hirschsprung's disease caused by a mutation in the gene PHOX2B. This is, to the best of our knowledge, the first demonstration of human-PSC-derived intestinal tissue with a functional ENS and how this system can be used to study motility disorders of the human gastrointestinal tract.
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                    Figure 1: Incorporation of NCCs into developing HIOs in vitro. [image: ]


Figure 2: Formation of a three-dimensional neuronal plexus in HIOs+ENS grown in vivo.[image: ]


Figure 3: Live imaging of neural activity in HIOs+ENS.[image: ]


Figure 4: ENS-independent and dependent control of contractile activity.[image: ]


Figure 5: ENS effects on the epithelium.[image: ]


Figure 6: Modeling a Hirschsprung's-disease-causing mutation in PHOX2B.[image: ]
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3-dimensional image of human intestine showing enteric nerves in association with smooth muscle.
Nerves were stained with TUBB3 (green) and smooth muscle was stained with Desmin (red). Nerves were tightly integrated into the layers of smooth muscle. Video corresponds to Supplementary Fig. 7a, top left panel. (MP4 19701 kb)


3-dimensional image of HIOs+ENS tissue grown in vivo showing human enteric nerves in association with smooth muscle.
Nerves were stained with TUBB3 (green) and smooth muscle was stained with Desmin (red). NCC-derived nerves were embedded within the layers of smooth muscle both in the myenteric and submucosal layers. Video corresponds to Supplementary Fig. 7a, top right panel. (MP4 9473 kb)


Time-lapse video of HIOs+ENS in vitro where the ENS was derived from neural crest cells containing a GCaMP6f reporter
Twenty-minute time-lapse video of HIOs+ENSshowing Ca2+ flux specifically in NCC-derived cells. HIOswere generated with H1 cells, which do not have a Ca2+indicator. Single neurons have regular periodicity of depolarization. Video corresponds to Fig. 3a. (MP4 12045 kb)


KCl stimulation of HIOs+ENS in vitro.
Time-lapse video of HIOs+ENS showing broad depolarization of NCC-derived ENS cells in response to KCl addition. NCCs were generated from GCaMP6f expressing iPSCs. Video corresponds to Fig. 3b. (MP4 23241 kb)


Time-lapse video of explanted HIOs+ENS derived in vivo using GCaMP6f neural crest cells
A large nerve fiber was imaged where calcium oscillation was observed. NCCs were generated from GCaMP6f expressing iPSCs. Video corresponds to Fig. 3c, left panel. (MP4 2008 kb)


KCl stimulation of explanted HIOs+ENS derived in vivo using GCaMP6f neural crest cells.
Time-lapse video of transplanted HIOs+ENS showing depolarization of NCCderived ENS cells in response to KCl addition. NCCs were generated from GCaMP6f expressing iPSCs. Video corresponds to Fig. 3c, right panel. (MP4 7784 kb)


Time-lapse videos of electrically stimulated HIOs grown in vivo.
Video 7 corresponds to the left panel of Fig. 4a (HIO) and shows an HIO lacking enteric nerves. Video 8 corresponds to the middle panel of Fig. 4a (HIO+ENS) and shows an HIO containing engrafted neural crest cells. Video 9 corresponds to the right panel of Fig. 4a (HIO+ENS) and shows an HIO containing engrafted neural crest cells that were stimulated in the presence of tetrodotoxin (HIO+ENS + TTX). Videos are played at 16X play speed. (MP4 2143 kb)


Time-lapse videos of electrically stimulated HIOs grown in vivo.
Video 7 corresponds to the left panel of Fig. 4a (HIO) and shows an HIO lacking enteric nerves. Video 8 corresponds to the middle panel of Fig. 4a (HIO+ENS) and shows an HIO containing engrafted neural crest cells. Video 9 corresponds to the right panel of Fig. 4a (HIO+ENS) and shows an HIO containing engrafted neural crest cells that were stimulated in the presence of tetrodotoxin (HIO+ENS + TTX). Videos are played at 16X play speed. (MP4 2891 kb)


Time-lapse videos of electrically stimulated HIOs grown in vivo.
Video 7 corresponds to the left panel of Fig. 4a (HIO) and shows an HIO lacking enteric nerves. Video 8 corresponds to the middle panel of Fig. 4a (HIO+ENS) and shows an HIO containing engrafted neural crest cells. Video 9 corresponds to the right panel of Fig. 4a (HIO+ENS) and shows an HIO containing engrafted neural crest cells that were stimulated in the presence of tetrodotoxin (HIO+ENS + TTX). Videos are played at 16X play speed. (MP4 3948 kb)
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