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Introduction

The enteric nervous system (ENS) regulates motility 
which can change absorption, microbial content, and 
function of the intestine, and lack or loss is morbid. This 
is termed enteric neuropathy, and results in obstruction, 
infection, and sometimes death. The most commonly 
encountered enteric neuropathy, affecting approximately 
1 in 5000 neonates,1,2 is Hirschsprung disease (HD). HD 
is caused by the failure of complete migration of the ENS 
into the distal intestine during fetal development, result-
ing in aganglionic, and therefore non-functional, intestine 
of varying lengths.

HD is not the only enteric neuropathy. In the stomach, 
gastroparesis is a frequent complication of diabetes,3 some 
drugs, and neurodevelopmental disorders. Esophageal 
enteric neuropathy, or achalasia, is associated with the loss 
of innervation of the lower esophageal sphincter,4 whether 
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idiopathic or due to parasitic infection. Enteric neuropa-
thies also affect large numbers of patients via slow transit 
constipation, anal incontinence, and chronic intestinal 
pseudo-obstruction.5

The ENS has been styled “the second brain,” because 
the number of neurons within the ENS exceeds that of the 
spinal cord.6 The ENS functions autonomously for control 
and modulation of intestinal motility, secretion, vasomo-
tor function, and afferent sensing of stretch and luminal 
contents.7–9 Now many of the tremendously diverse com-
ponents of the ENS may be generated from both adult 
stem cells and human pluripotent stem cells (hPSCs).10–13 
Neurospheres, or adult stem/progenitor cells that will dif-
ferentiate into various ENS components, may be derived 
from multiple intestinal regions and are well covered in 
the literature13 but not discussed further here.

Vagally specified enteric neural crest cells (ENCCs) 
have been generated by multiple groups from hPSCs, 
with further successful in vivo differentiation into the 
markedly diverse cell types of the ENS.11,12,14 These 
ENCCs are produced from variations of protocols ini-
tially developed to derive central and peripheral nerve 
cell lineages from hPSCs.15–18 Changes in the timing of 
exposure to retinoic acid appear to be important to derive 
a more pure population of ENCCs.11,12,14 A combined 
implant composed of ENCCs and hPSC-derived tissue-
engineered small intestine (TESI) will demonstrate func-
tional contractility.11 Although it can be useful to evaluate 
these cells in native intestine with an intact ENS, this 
does not fully reproduce the clinical scenario of repopu-
lating aganglionic intestine which is the ultimate goal of 
ENCC-based cell therapies. In order to test ENCC dif-
ferentiation into ganglia and key neuronal subtypes and 
to assess cell proliferation and migratory capacity, it is 
necessary to evaluate ENCCs in vivo, in models that lack 
all of the components of the ENS.

Animal models that lack the ENS in some portion of 
the intestine are fragile and variable. The most com-
monly studied mouse models for HD include transgenic 
alterations of endothelin receptor type B (Ednrb). Ednrb 
models can be quite variable, with widely different 
amounts of intestine affected, even in littermates, which 
may cloud in vivo results and render rescue effects 
unknown.19 Conversely, the variability can be so severe 
that the newborn mouse cannot survive. In one Ednrb 
model (B6.129S7-Ednrbtm1Ywa/FrykJ)20 thought to be 
less variable, although there are reported survivors of 
neonatal surgery, in our hands, the addition of immuno-
suppression in order to study implanted human cells, 
resulted in no short-term survivors. Therefore, in order 
to study the capacity of ENCC-derived components of 
the ENS in a survivable in vivo model, we sought to 
identify a more robust and reproducible method of 
administering donor cells to existing aganglionic intesti-
nal tissue.

We and others have previously co-implanted ENCCs 
with human intestinal organoids (HIOs).11,14 HIOs are pro-
duced in vitro by the differentiation of hPSCs into all of 
the components of the small intestine, and they always 
exclude any components of the ENS.10,21 When HIOs and 
ENCCs are implanted in combination in one step, ENS 
components derived from ENCCs were identified in the 
form of submucosal and myenteric ganglia, as well as 
numerous subclasses of neurons. There were neuroepithe-
lial connections to enteroendocrine cells.11 However, this 
differs from the expected clinical scenario in human 
patients who will present with aganglionic intestinal tissue 
requiring therapy. Therefore, in order to investigate the 
capacity of ENCCs to migrate within aganglionic intes-
tine, we hypothesized that staged survival surgeries, first 
developing aganglionic intestinal tissue (HIO-TESI), fol-
lowed 10 weeks later by repeat survival surgery implanting 
the HIO-TESI with bioluminescent-tagged ENCCs, might 
allow in vivo tracking of the ENCCs in a more robust and 
reproducible model. Repeat survival laparotomies to add 
new cell types to growing engineered tissues had not pre-
viously been performed to our knowledge, but in this case 
were well tolerated. Both donor cell populations exhibited 
growth and differentiation, with functional contractility in 
a small sample, indicating the possible future value of a 
sequential HIO-TESI-ENCC model to evaluate and per-
fect cell therapies for enteric neuropathies.

Methods

Animal care

Non-obese diabetic/severe combined immunodeficient 
gamma mice (NOD/SCID, Jackson Labs, Cat 005557) 
were housed in sterile cages with sterile food and water 
with set day–night cycles in keeping with the National 
Institutes of Health’s Guide for the Care and Use of 
Laboratory Animals (2011). All protocols involving ani-
mals were approved by the Children’s Hospital of Los 
Angeles (CHLA) Institutional Animal Use and Care 
Committee (IACUC, Approval #215).

HIO and ENCC generation

HIOs derived from H9 hPSCs (WiCell) to day 28–35 of age 
were generated as previously described.21 To generate 
ENCCs, LiPSC-GR1.1 (Lonza)22 completed a 15-day 
directed differentiation protocol as previously published.11,12 
Briefly, ENCCs were generated up to day 11 as described.11 
On day 11, adherent ENCCs were lifted and aggregated into 
three-dimensional (3D) spheroids in ultra-low attachment 
plates and cultured in neurobasal medium supplemented 
with N2/B7 containing 3 mM CHIR99021 and 1 nM FGF2 
for additional 4 days. Cell samples were collected on day 0 
(pre-differentiation) and day 15 (post-differentiation) for 
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immunostaining and flow analysis (see below). Prior to 
implantation, cells were labeled with indocyanine green 
(ICG) fluorescent dye (see below) and counted with a man-
ual hemocytometer. Derivation of HIOs was approved by 
the institutional review board (IRB) at Cincinnati Children’s 
Hospital Medical Center. Derivation of ENCCs was 
approved by the University of Southern California and 
Children’s Hospital Los Angeles Stem Cell Research 
Oversight committee.

Flow cytometry

Staining buffer consisted of 1X DPBS (Dulbecco’s phos-
phate-buffered saline), without calcium and magnesium 
(VWR, Cat 21-031-CV), 5% FBS (Thermo Fisher, Cat 
26140079), and 0.1% sodium azide. Antibodies CD271-PE 
(P75NTR) (Miltenyi Biotech, Cat 130-098-111), CD57-
APC (HNK1) (Miltenyi Biotech, Cat 130-092-141), 
Mouse IgG1 Isotype control–PE (Miltenyi Biotech, Cat 
130-092-212), and Mouse IgM Isotype control–APC 
(Miltenyi Biotech, Cat 130-093-176) were diluted in pre-
pared staining buffer as described in manufacturer’s 
instructions. CD271 and CD57 were combined in one 
solution and isotype controls in a second solution to allow 
for dual staining. A 50 µg/mL DAPI solution was diluted 
1:500 in staining buffer. Cells were collected and washed 
with 1X DPBS and dissociated with Accutase (Innovative 
Cell Technologies, Cat AT-104) at 37°C for 3 min; 1.5× 
the volume of cold NB/N2 media was added to deactivate 
the Accutase. A 20 µL sample was taken to count the cells 
with the Invitrogen Countess (Invitrogen, Cat C10227). 
Based on these counts, the remaining cells were centri-
fuged at 300 g for 3 min at 4°C, and the supernatant aspi-
rated. The cells were then stained in 100 uL of antibody 
solution for 60 min. They were again centrifuged under the 
same settings. The cells were washed with staining buffer, 
resuspended in 500 µL of staining buffer with DAPI, and 
flow data were created by a BD LSR II analytic 
cytometer.

ICG labeling

Modified from a previously described method,23 ICG fluo-
rescent dye (Santa Cruz Biotech, Cat sc-217845a) was 
reconstituted in DMSO and added to day 15 ENCC dif-
ferentiation media to achieve a concentration of 2 mg/mL. 
ENCCs used for implantation were incubated in the solu-
tion for 1 h at 37°C, away from light. Cells were then 
washed and resuspended in the day 15 ENCC differentia-
tion media and counted with a manual hemocytometer.

Surgical procedures

Mice received isoflurane anesthesia for all surgeries. The 
ventral fur of the mouse was removed either with a clipper 

or a depilatory cream (Nair, Church & Dwight). Operated 
mice received Ketofen (5 mg/kg, Zoetis) subcutaneously 
for pain control and were allowed to recover in sterile 
post-operative cages with sterile water supplemented with 
Enroflox antibiotic (0.5 mg/mL, Norbrook Laboratories 
Limited). The initial surgery consisted of a midline lapa-
rotomy incision with evisceration of the greater omentum 
which was spread out as a thin sheet. A hollow cylindrical 
biodegradable scaffold seeded with 10–12 HIOs in 60 µL 
of intestinal growth media21 was placed into the center of 
the omentum which was then carefully folded to com-
pletely envelop the scaffold. A single stitch was placed to 
keep the omentum and scaffold in place relative to each 
other. The construct was then returned to the abdomen and 
the laparotomy was closed. A video of our scaffold prepa-
ration and implantation process is available on JoVE.24 
Implanted HIOs were allowed to grow into TESI for 
10 weeks. One week prior to the second surgery, the 
mice’s diet was switched to alfalfa-free chow (Teklad 
Global 16% Protein Rodent Diet, Envigo, Cat 2916.15) to 
avoid abdominal autofluorescence that might interfere 
with subsequent in vivo imaging system (IVIS) imaging. 
During the second surgery, the previous midline laparoto-
mies were re-opened. If no TESI construct had grown, the 
mice were excluded and humanely euthanized. If TESI 
growth was identified, either 100 µL of normal saline or 
1.0 × 105 ICG-labeled ENCCs in D15 media were injected 
into the TESI. The TESI was then returned to the abdo-
men and the laparotomy was closed. The mice were 
imaged twice weekly for remaining ICG signal (described 
below). Four weeks post ENCC implantation (second sur-
gery), mice were imaged prior to TESI extraction. TESI 
explants were either again imaged with IVIS for remain-
ing signal (n = 5) or placed in a 37°C 5% CO2 incubator 
for the contractility assay (n = 4; described below). For the 
ICG-labeling experiment, mice were implanted with HIOs 
(n = 9). Five mice successfully grew TESI, and were 
injected with either saline as controls (n = 1) or D15 ENCC 
(n = 4). For the contractility experiment, a total of five 
mice were implanted with HIOs. Four mice successfully 
grew TESI, and were injected with either saline (n = 1) or 
D15 ENCC (n = 3).

IVIS imaging

Noninvasive bioluminescence imaging was performed 
with an IVIS Spectrum 200 (Perkin-Elmer). After saline or 
ICG-tagged ENCC injection, mice were imaged on post-
operative days 3, 7, 10, 14, 17, 21, 24, 28, and 31 under 
isoflurane anesthesia. During imaging sessions, a depila-
tory cream (Nair, Church & Dwight) was applied on the 
mouse abdomen near the region of interest (ROI) as 
needed. On day 31, we also imaged TESI explants which 
were washed with PBS (phosphate-buffered saline), 
bisected, and imaged. Fluorescence signals within the ROI 
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were measured in radiant efficiency (p/s/cm2/sr)/(μW/cm2) 
and analyzed in the Living Image 4.5.5 software (Perkin-
Elmer). Graphs of the ROI area were plotted against time 
courses for each mouse in Microsoft Excel.

Immunofluorescence staining analysis

Cells (D0 hPSC and D15 ENCC) were harvested, embed-
ded into 3% low melting agarose, fixed in 10% formalin 
overnight, then embedded in paraffin. TESIs were 
extracted, fixed in 10% formalin overnight, then embed-
ded in paraffin; 5 μm sections were cut and used for immu-
nofluorescence staining. Slides were deparaffinized and 
rehydrated. Antigen retrieval was performed with 1 M 
Tris-HCl (pH = 8.6) (Bioland Scientific, Cat Tris86) heated 
in a pressure cooker. Slides were washed in PBS with 
0.1% Tween (Sigma Aldrich, Cat P1379-1L), blocked and 
permeabilized in Universal Blocking Solution made from 
1% BSA (Sigma Aldrich, Cat A7906-50G), 0.1% cold fish 
skin gelatin (Sigma Aldrich, G7041-100G), and 0.5% 
Triton X-100 (Sigma Aldrich, Cat T8787-250ML) in PBS. 
Primary antibodies (Table 1) were applied at 1:200 dilu-
tion for 2 h at room temperature. Secondary antibodies 
(Table 1) were applied at 1:200 dilution for 1 h at room 
temperature. Slides were preserved with VECTASHIELD 
Mounting Medium with DAPI (Vector Labs, Cat H1200) 

and imaged on a Leica DMI6000 B inverted fluorescence 
microscope.

Contractility assay

Mechanical contraction of TESI was studied as previously 
described.11 Time-lapse video microscopy was captured with 
a Leica MZ12.5 stereoscope equipped with a Leica MC179 
HD digital camera. Explanted TESIs were placed in clear 
FluoroBrite DMEM media (ThermoFisher, Cat A1896701), 
incubated for 30 min at 37°C, followed by initial evaluation 
for spontaneous contractility. TESI explants that showed 
signs of movement were flushed intraluminally with 
FluoroBrite DMEM to remove any previously produced 
mucus and placed back in the incubator for 30 min and then 
filmed for 3 min prior to chemical treatments (Movies S1–S4 
in supplemental material). Afterward, the contracting sam-
ples were injected intraluminally with methylene blue (MB, 
Acros, Cat 122965-43-9) diluted in FluoroBrite DMEM 
(50 µM), and whole explants were immersed in MB solution 
for 3.5 h under a 40 W lamp at room temperature to cause 
selective lesioning of enteric pacemaker cells, the interstitial 
cells of Cajal (ICC). The TESI were again incubated for 
30 min, followed by video imaging for at least 3 min (Movies 
S5–S8 in supplemental material). TESI that continued to 
contract were injected intraluminally and immersed in a 

Table 1. Summary of antibodies used.

Antibody Primary or 
secondary

Species Dilution Supplier and Cat #

5-HT (Serotonin) Primary Mouse 1:200 ThermoFisher #MA5-
12111

CALB (Calbindin) Primary Rabbit 1:200 Millipore #AB1776
CHAT (Choline Acetyltransferase) Primary Rabbit 1:200 Bioss #BS-0042R
CHGA (Chromogranin A) Primary Rabbit 1:200 Abcam #ab15160
CKit (c-Kit) Primary Rabbit 1:200 Abcam #ab32363
ECAD (E-Cadherin) Primary Mouse 1:200 BD Bioscience #610181
CD57-APC (HNK1) Primary Mouse 1:50 Miltenyi #130118665
LAMIN (Lamin A + C) Primary Rabbit 1:200 Abcam #ab108595
LYSO (Lysozyme) Primary Rabbit 1:200 Dako #A0099
MUC2 (Mucin2) Primary Rabbit 1:200 Santa Cruz #SC-15334
NOS1 (nNOS) Primary Rabbit 1:200 Santa Cruz #SC-648
OCT4 Primary Rabbit 1:200 Abcam #ab109183
CD271-PE (P75NTR) Primary Mouse 1:50 Miltenyi #130113983
PCNA Primary Mouse 1:200 Abcam #ab29
PGP 9.5 Primary Rabbit 1:200 Dako #Z5116
Mouse IgG1-PE Primary Mouse 1:50 Miltenyi #130113762
Mouse IgM-APC Primary Mouse 1:50 Miltenyi #130099085
Alexa Fluor 488
Donkey anti-Mouse IgG (H + L)

Secondary Donkey 1:200 ThermoFisher #A-21202

Alexa Fluor 546
Donkey anti-Rabbit IgG (H + L)

Secondary Donkey 1:200 ThermoFisher #A-10040

For immunostaining, antibodies were diluted in Universal Blocking Solution with 2% donkey serum. Universal Blocking Solution consists of 1% BSA, 
0.1% cold fish skin gelatin, and 0.5% Triton X-100 in PBS. For flow cytometry, antibodies were diluted in staining solution consists of 5% FBS in 1× 
DPBS. BSA: bovine serum albumin; PBS: phosphate-buffered saline; DPBS: Dulbecco’s phosphate-buffered saline.
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neurotoxin, tetrodotoxin (Abcam, Cat ab120055), diluted in 
FluoroBrite DMEM (10 µM) for 4 h in 37°C, then filmed 
(Movies S9–S11 in supplemental material). Videos were 
filmed for at least 5 min and then post-processed to 20× 
speed in iMovie v10.1.10.

Results

In contrast to previous work in which ENCCs and HIOs 
were co-implanted, in this study we performed sequential 
surgeries (Figure 1(a)) to administer different hPSC cell 
types to more closely approximate the clinical scenario 
that we are likely to encounter in patients with enteric neu-
ropathies. Ten weeks prior to adding ENCCs, we seeded 
10–12 HIOs on biodegradable scaffolds and implanted 
them into the greater omentum of immunocompromised 
NOD/SCID mice to develop TESI. Then in a second sur-
vival surgery, saline (control) or 1.0 × 105 hPSC-derived 
ENCCs, labeled with ICG dye, were injected into the 
mature TESI (Figure 1(b)) 4 weeks prior to eventual har-
vest. ICG is a fluorescent dye that is FDA-approved for 
medical diagnostics. Presence of ICG-tagged signal was 
monitored with IVIS imaging every 3 or 4 days post injec-
tion (Figure 2(a) and (b)). Persistent fluorescence was 
detected in one mouse and the corresponding implant 
(M09, Figure 2(a) and 2(b)) until the time of explantation, 
31 days post injection (Figure 2(c)).

In order to verify that the implanted ENCCs were suc-
cessfully generated from hPSCs after 15 days in culture, 
we performed flow cytometry and identified more than 
90% double-positive cells for HNK1 (CD57) an P75NTR 
(CD271) markers25 (Figure 1(c)). Furthermore, immu-
nostaining revealed the presence of neurons and glia. 
Compared to day 0 (D0) undifferentiated hPSCs, TUJ1-
positive (Figure 3(a), (h), (i), and (j)) and PGP9.5-positive 
staining (Figure 3(k)) indicate the appearance of neurons 
by day 15 (D15) post-differentiation. Specific subtypes of 
neurons, however, are not identified at this time (CALB-, 
3(h); CHAT-, 3(i); NOS1-, 3(j); 5-HT-, 3(k)). S100β-
positive glial cells are also present in D15 hPSCs (Figure 
3(b)). Although markers for mesenchymal cell lineage, 
CKIT (Figure 3(c)) and SMA (Figure 3(d)), are absent in 
differentiated neurospheres, a small percentage of cells in 
D15 hPSCs express epithelial marker ECAD (Figure 3(e), 
(f), and (g)). Nevertheless, specific epithelial cell lineage 
markers, MUC2 (Figure 3(e)), CHGA (Figure 3(f)), and 
LYSO (Figure 3(g)), are not detected. Noticeably, despite 
the fact that D15 ENCCs demonstrate proliferative capac-
ity with a high level of PCNA expression (Figure 3(l)), 
pluripotency marker OCT4 is completely absent (Figure 
3(m)), reducing concern for teratoma formation after 
engraftment. Human-specific staining against nuclear 
envelope protein LAMIN identifies human ENCCs after 
xenotransplantation (Figure 3(n)).

One month after the second surgery, in which ENCCs 
were delivered to the TESI, the HIO-TESI or HIO-
ENCC-TESI were explanted to further characterize their 
cellular composition. Tissues were sectioned and stained 
with antibodies against TUJ1 for neurons (Figure 4(a) 
and (b)); S100β for glia (Figure 4(b)); CKIT (Figure 
5(a)) and SMA (Figure 5(b)) for the mesenchymal 

Figure 1. Sequential survival laparotomies to successively 
combine components of tissue-engineered small intestine: 
(a) Schematic illustration of the “double-surgery” procedure, 
followed by IVIS bioluminescence imaging and explanation. 
(b) Injection of ICG-tagged ENCCs into HIO-TESI during 
second survival operation. (c) Flow cytometry of ENCCs for 
CD271 (P75NTR) and CD57 (HNK1) at day 15. Isotype control 
antibodies were applied. HIO: human intestinal organoid; 
ENCC: enteric neural crest cell; ICG: indocyanine green dye; 
HIO-TESI: tissue-engineered small intestine derived from 
human intestinal organoids; IVIS: in vivo imaging system.
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component; and ECAD (Figure 5(c), (d), and (e)), MUC2 
(Figure 5(c)), CHGA (Figure 5(d)), and LYSO (Figure 
5(e)), for the epithelial component. Compared to native 
human ileum, HIO-TESI with ENCC injection, but not 
the saline control injection, displayed neuronal and glial 
cells, forming ganglion-like clusters (arrows, Figure 4(a) 
and (b)) in close proximity to the epithelium (e) and 
within the muscle layer of TESI (arrowheads). This cor-
responds to two known locations in native intestine 
(Meissner’s and Auerbach’s plexus). In HIO-TESI with 
ENCC injection, TUJ1-positive cells co-stained with 
human-specific antibody against LAMIN (Figure 4(a)), 
confirming that the re-populated neurons are from the 
donor ENCCs. We also detected intrinsic enteric pace-
makers known as ICC (CKIT+, Figure 5(a)) and smooth 
muscle cells (SMA+, Figure 5(b)). Both HIO-TESI with 

ENCCs and HIO-TESI with mock saline injection devel-
oped villus-like epithelium (ECAD+, Figure 5(c)–(e)), 
consisting of various types of enterocytes, including gob-
let cells (MUC2+, Figure 5(c)), enteroendocrine cells 
(CHGA+, Figure 5(a)) and Paneth cells (LYSO+, Figure 
5(e)). The HIO-TESI epithelium contains highly prolif-
erative cells (PCNA+, Figure 5(f)), but lacks OCT4 
expression throughout (Figure 5(f)).

In order to further delineate the composition of engrafted 
neurons in HIO-ENCC-TESI, we tested TUJ1-positive or 
PGP9.5-positive ganglia with an array of antibodies 
against different neuronal subtypes, including calbindin 
(CALB, Figure 6(a)), choline acetyltransferase (CHAT, 
Figure 6(b)), neuronal nitric oxide synthase (NOS1, Figure 
6(c)), and serotonin (6-HT, Figure 6(d)). As shown, cal-
bindin immunoreactive type III sensory neurons (CALB, 

Figure 2. In vivo monitoring of fluorescent dye-tagged enteric neural crest cells: (a) Following injection of saline (control) or ICG-
labeled ENCCs into HIO-TESI, immunocompromised mice with implants were followed twice weekly by IVIS imaging, up to 31 days, 
for photon emission around the region of interest (circled). The mice were imaged ventrally, with their abdominal area shaved, to 
avoid background signal from animal hair. The color bar indicates the signal intensity, with yellow and dark red representing the high 
and low bioluminescent signals, respectively. (b) Bioluminescence in five mice (M02, M04, M06, M07, M09) was monitored before 
TESI recovery on day 31. (c) TESI explants were bisected, washed, and imaged for residual fluorescence. ICG: indocyanine green 
dye; ENCC: enteric neural crest cell; HIO-TESI: tissue-engineered small intestine derived from human intestinal organoids; IVIS: in 
vivo imaging system.
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Figure 3. In vitro differentiation of human pluripotent stem cells into enteric neural crest cells. Detailed immunofluorescence 
staining analysis confirms successful derivation of ENCCs from hPSCs. Neurons (TUJ1+, a, h, i, j, and PGP9.5+, k) and 
glia (S100β+, b) appear in differentiated D15 ENCCs, but not in pre-differentiation D0 hPSCs. Epithelial marker ECAD 
is expressed in a small population of D15 neurospheres, but no specific epithelial cell lineage is identified in ECAD+ cells 
(MUC2-, e; CHGA-, f; LYSO-, g). Specific subtypes of neurons are not detected in D15 cells (CALB-, h; CHAT-, i, NOS1-, j; 
5-HT-, k). Markers for mesenchymal cell lineage, CKIT (c) and SMA (d), are absent in ENCCs. Pluripotency marker OCT4 
(m) is not expressed in D15 neurospheres. PCNA+ indicates cell proliferation (l) and LAMIN+ (n) marks the human origin 
of engraft cells. DAPI (blue) stains cell nuclei in all images. TUJ1: class III beta-tubulin; S100β: calcium binding protein B of 
the S100 family; CKIT: ICC-selective receptor tyrosine kinase; SMA: alpha-smooth muscle actin; ECAD: E-cadherin; MUC2: 
mucin 2; CHGA: chromagranin A; LYSO: lysozyme; CALB: calbindin; CHAT: choline acetyltransferase; NOS1: neuronal nitric 
oxide synthase; 5-HT: serotonin/5-hydroxytryptamine; PGP9.5: protein gene product 9.5; PCNA: proliferating cell nuclear 
antigen; OCT4: octamer-binding transcription factor 4; LAMIN: human-specific nuclear envelope protein lamin. D0: day 0 (pre-
differentiation); D15: day 15 (post-differentiation); hPSC: human pluripotent stem cell; ENCC: enteric neural crest cell; ICC: 
interstitial cells of Cajal.
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Figure 6(a)),26 excitatory neurons (CHAT, Figure 6(b)), 
inhibitory neurons (NOS1, Figure 6(c)), and descending 
interneurons (5-HT, Figure 6(d)) are identified.27 This 
unique combination of neuronal subtypes recapitulates 
those found in native intestine. A table summarizes the 
immunostaining results reported in this study (Table 2).

In a pilot study of the function of these sequentially 
transplanted HIO-ENCC-TESI, explants of HIO-TESI 
with or without ENCCs exhibited spontaneous contraction 
and relaxation in vitro (Movies S1–S4 in supplemental 
material). But upon incubation with MB and light, which 
are known to cause selective lesioning of ICC,28 contractil-
ity is notably blocked in the aganglionic control HIO-TESI 
(Movie S5 in supplemental material), but not inhibited in 
HIO-TESI supplemented with ENCCs (Movies S6–S8 in 
supplemental material). Only after subsequent treatment 
with potent neurotoxin tetrodotoxin (TTX) did two out of 
three HIO-ENCC-TESI completely abolish rhythmic 
motility (Movies S9–S11 in supplemental material). Since 
TTX selectively blocks the firing of action potentials in 
neurons, we reasoned that the persisting contractility in 
HIO-ENCC-TESI following MB treatment is independent 
of ICC, demonstrating functional restoration of engrafted 
ganglia. Interestingly, in the largest construct, contractility 
of one HIO-ENCC-TESI persisted despite MB and TTX 
treatment.

Discussion

Because animal models for aganglionosis are variable, 
fragile, and may not recapitulate the human condition, we 
attempted to identify a more robust and reproducible 

model in which to study the migration, maturation, and 
proliferation of precursor cells that form the ENS. Repeat 
survival surgery in humans is sometimes performed for 
sequential attempts to control tumor metastasis, evolving 
infections, incisional hernia, or chronic inflammatory 
states such as Crohn’s disease, among other indications. 
However, repeated abdominal surgeries are known to con-
vey increased risks including intestinal perforations from 
adhesiolysis, increased post-operative mortality, and 
wound healing problems.29 These may be magnified in 
rodent surgery when post-operative care may be more lim-
ited. However, we had no deaths in our sequential surgery 
group despite waiting a total of 14 weeks for the growth of 
the constructs with multiple anesthetic administrations for 
survival surgery and identification of bioluminescent sig-
nal. The bioluminescent signal was identified from all 
sequentially implanted candidates after injection (Figures 
1(a), (b), and 2(a)), allowing us to conclude that there was 
successful delivery. Despite the HIO-TESI having grown 
markedly (Figure 1(b)), an experienced surgeon may still 
inject ENCCs and return the growing TESI to the abdomen 
for a further 4 weeks after repeat laparotomy without com-
plication. The injected ENCCs are then given time to pro-
liferate, differentiate, and migrate within an already present 
tissue construct.

Optical imaging with ICG is FDA-approved for some 
human indications and can track cells of interest such as 
ES-derived cardiomyocytes for 48 h30 or neurons in skin or 
spinal cord injury models in which its extinction time was 
recorded at 12–21 days.31 We saw a marked diminution of 
signal over time, but in one explant could still identify ICG, 
presumably labeling the cells that were later identified, at 

Figure 4. In vivo development of restored enteric nervous system in aganglionic tissue-engineered small intestine: Immunostaining 
analysis of HIO-TESI with control saline injection reveals a lack of enteric ganglia normally found in native adult human ileum 
(arrows, a and b). Addition of ENCCs derived from hPSCs (LAMIN+, a) in the second engraftment procedure reintroduces TUJ1+ 
neurons and S100β+ glia in ganglion-like clusters (arrows, a and b) near the epithelium (e). TUJ1+ cells are also observed in the 
muscle layers (arrowheads). DAPI stained cell nuclei in all images. TUJ1: class III beta-tubulin; LAMIN: human-specific nuclear 
envelope protein lamin; S100β: calcium binding protein B of the S100 family; hPSC: human pluripotent stem cell; ICC: interstitial 
cells of Cajal; HIO-TESI: tissue-engineered small intestine derived from human intestinal organoids.
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31 days (Figure 2(a)). The combination of repeat survival 
surgery for sequential hPSC dosing and ICG cell tracking 
for longer time points may be helpful for future hPSC 
investigations in this and other models.

Assessing the HIO-ENCC-TESI compared to HIO-
TESI alone, immunostaining identifies that transplantation 
of the ENCCs results in TUJ1-positive cells that are also 
LAMIN-positive. This confirms the human origin of these 

Figure 5. Human intestinal organoid–derived aganglionic tissue-engineered small intestine. Intestinal pacemaker cells ICC (CKIT+, 
a) and smooth muscle cells (SMA+, b) are identified in HIO-TESI with or without ENCC injection. Different cell types of epithelial 
lineage (ECAD+), including goblet cells (MUC2+, c), enteroendocrine cells (CHGA+, d), and Paneth cells (LYSO+, e), are present 
in HIO-TESI + saline and HIO-TESI + ENCC cysts. PCNA+ proliferating cells are located in the crypts and villus regions in the TESI 
(f). No OCT4 teratoma marker is observed (f). DAPI stained cell nuclei in all images. CKIT: ICC-selective receptor tyrosine kinase; 
SMA: alpha-smooth muscle actin; ECAD: E-cadherin; MUC2: mucin 2; CHGA: chromagranin A; LYSO: lysozyme; CALB: calbindin; 
CHAT: choline acetyltransferase; NOS1: neuronal nitric oxide synthase; 5-HT: serotonin/5-hydroxytryptamine; PGP9.5: protein 
gene product 9.5; PCNA: proliferating cell nuclear antigen; OCT4: octamer-binding transcription factor 4; hPSC: human pluripotent 
stem cell; ICC: interstitial cells of Cajal; HIO-TESI: tissue-engineered small intestine derived from human intestinal organoids.
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Table 2. Summary of immunostaining performed in this report.

TUJ1 S100 CKIT SMA ECAD MUC2 CHGA LYSO CALB CHAT NOS1 5-HT PCNA OCT4 LAMIN

Human ileum + + + + + + + + + + + + + – +
D0 hPSC – – – – – – – – – – – – + + +
D15 hPSC 
(ENCC)

+ + – – + – – – – – – – + – +

HIO-TESI +  
SALINE

– – + + + + + + – – – – + – +

HIO-TESI +  
ENCC

+ + + + + + + + + + + + + – +

+: positive staining for the indicated antibody; –: negative staining for the indicated antibody. TUJ1: pan-neuronal class III beta-tubulin; S100β: glial-
selective calcium binding protein B of the S100 family; CKIT: ICC-selective receptor tyrosine kinase; SMA: alpha-smooth muscle actin; ECAD: epi-
thelial E-cadherin; MUC2: goblet cell-selective mucin 2; CHGA: enteroendocrine-selective chromogranin A; LYSO: Paneth cell-selective lysozyme; 
CALB: intrinsic sensory neuron-selective calbindin; CHAT: excitatory neuron-selective choline acetyltransferase; NOS1: inhibitory neuron-selective 
neuronal nitric oxide synthase; 5-HT: sensory neuron-selective serotonin/5-hydroxytryptamine; PGP9.5: pan-neuronal protein gene product 9.5; 
PCNA: proliferating cell nuclear antigen; OCT4: octamer-binding transcription factor 4; LAMIN: human-specific nuclear envelope protein lamin. 
hPSC: human pluripotent stem cell; D0: day 0 (pre-differentiation); D15: day 15 (post-differentiation); ENCC: enteric neural crest cell; HIO-TESI: 
tissue-engineered small intestine derived from human intestinal organoid; ICC: interstitial cells of Cajal.

Figure 6. Diverse neuronal subtypes are present in re-populated ganglia. Immunofluorescence staining of HIO-TESI with ENCC 
injection identifies TUJ1+ or PGP9.5+ ganglia express markers for various subclasses of enteric neurons, including calbindin 
immunoreactive type III sensory neurons (CALB+, a), excitatory neurons (CHAT+, b), inhibitory neurons (NOS1, c), and 
descending interneurons (5-HT+, d). DAPI stains cell nuclei in all images. TUJ1: class III beta-tubulin; CALB: calbindin; CHAT: 
choline acetyltransferase; NOS1: neuronal nitric oxide synthase; 5-HT: serotonin/5-hydroxytryptamine; PGP9.5: protein gene 
product 9.5; HIO-TESI: tissue-engineered small intestine derived from human intestinal organoids.
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neuronal clusters that are located subjacent to the epithelial 
layer that had formed over the first 10 weeks after implan-
tation of the HIOs (Figure 4(a)). Furthermore, these gan-
glion-like clusters are also S100β-positive. As in previous 
studies in multiple labs,10,11,32 HIO-TESI initially forms 
the expected differentiated epithelial cell types (Paneth, 
enteroendocrine, secretory cells) and mesenchymal cell 
types (smooth muscle with visible endothelium-lined net-
works of vascularization). Only the addition of ENCCs 
results in ganglia and neurons, with the neurons further 
specified as intrinsic sensory (calbindin), excitatory 
(CHAT), and descending interneurons (5-HT), with NOS1 
also identified (Figure 5, Table 2). Yet, these differentiated 
cell types arose in vivo after the second survival surgery 
and are not identified prior to transplantation (Figure 3). 
The pluripotent donor cell, which is available as a cGMP-
manufactured hPSCs22 for possible future human applica-
tions retains pluripotent marker OCT4 at day 0 but this is 
absent prior to transplantation at day 15 (Figure 3). The 
absence of OCT4 is important for eventual release criteria 
of an ENCC cell product, which must not contain pluripo-
tent cells that might result, at high enough cell numbers, in 
teratoma formation or the formation of unwanted cell 
types.

The TUJ1- and S100β-positive cells that are identi-
fied in the ENCCs just prior to transplantation are not 
organized into ganglia and are diffusely located in the 
donor ENCCs (Figure 3). Calbindin, CHAT, NOS1, and 
5-HT are not present (data not shown) and are only gen-
erated subsequent to transplantation (Figure 6). This 
confirms that a true progenitor population is transplanted 
in the second procedure. The transplanted ENCCs do not 
contain intestinal epithelial or mesenchymal markers 
(Figure 3) although ECAD is noted in small populations. 
Because ECAD is a cell surface adhesion protein, we are 
not certain of the significance of detection of small 
amounts in vitro.

Initial study of the function of these sequentially trans-
planted HIO-ENCC-TESI, compared to HIO-TESI with-
out ENCCs showed spontaneous contraction and relaxation 
in vitro (Movies S1–S4 in supplemental material) which 
was terminated in TESI that had not been supplemented 
with ENCCs after exposure to MB and light. This combi-
nation is known to curtail the function of ICC11,28 (Movie 
S5 in supplemental material). However, MB does not com-
pletely inhibit contractility in HIO-TESI supplemented 
with ENCCs (Movies S6–S8 in supplemental material). 
These TESI required subsequent treatment with the neuro-
toxin, tetrodotoxin, to abolish movement (Movies S9–S10 
in supplemental material). Our largest HIO-ENCC-TESI 
continued peristalsis despite administration of MB, light, 
and TTX (Movie S11 in supplemental material). We have 
had the same observation in large native segments of 
human and murine intestine. Future studies with higher 
doses of TTX may establish that increased amounts of 

TTX are required for the extinction of contractility in 
larger or more mature constructs.

Conclusion

Analysis of HIO-TESI implants with saline injection at the 
second surgery illustrated aganglionic formation of intesti-
nal epithelium and mesenchyme without ENS. The intro-
duction of differentiated ENCCs into developing HIO-TESI 
implants after 10 weeks, on the contrary, resulted in prolif-
erative migratory cells that developed toward neuronal and 
glial lineages including multiple neuronal subtypes and ini-
tial measurements of ENS function.
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