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BACKGROUND & AIMS: Enteric nervous system stem
cells (ENSSCs) provide potential therapeutic tools to
replenish absent ganglia in Hirschsprung’s disease. Al-
though full-thickness human postnatal gut tissue can be
used to generate ENSSCs, reliance on its harvesting from
surgical resection poses significant practical limitations.
This study aimed to explore whether gut tissue obtained
utilizing minimally invasive routine endoscopy tech-
niques could be used to generate ENSSCs and whether
such cells retain the potential to generate an ENS upon
transplantation into aganglionic gut. METHODS: Post-
natal human gut mucosal tissue obtained from children
undergoing gastrointestinal endoscopy was used to gen-
erate cell cultures in which ENSSCs were contained within
neurosphere-like bodies (NLBs). These NLBs were charac-
terized by immunostaining, and their potential to gener-
ate components of the ENS, in vitro and upon transplan-
tation into models of aganglionic gut, was examined.
RESULTS: Gut mucosal biopsy specimens were obtained
from 75 children (age, 9 months-17 years). The biopsy
specimens contained neural cells and ENSSCs and, on
culturing, generated characteristic NLBs at all ages exam-
ined. Postnatal mucosa-derived NLBs contained cells
that, akin to their embryonic counterparts, were prolif-
erating, expressed ENSSC markers, were bipotent, and
capable of generating large colonies in clonogenic cul-
tures and multiple ENS neuronal subtypes. Upon trans-
plantation, cells from NLBs colonized cultured recipient
aganglionic chick and human hindgut to generate ganglia-
like structures and enteric neurons and glia. CONCLU-
SIONS: The results represent a significant practical
advance toward the development of definitive cell
replenishment therapies for ENS disorders such as
Hirschsprung’s disease.

irschsprung’s disease (HSCR), with an incidence of
1:5000 live births, is the commonest identifiable
developmental disorder of the enteric nervous system
(ENS), characterized by a failure of its complete forma-
tion, leaving a distinctive absence of enteric ganglia
(aganglionosis) in a variable segment of distal bowel.12

This leads to peristaltic misregulation and tonic contrac-
tion within the affected gut causing intestinal obstruc-
tion. Current treatment for HSCR is limited to surgical
resection of aganglionic bowel, but, despite tremen-
dous expertise, often spanning the lifetimes of individ-
ual surgeons, the long-term outcomes postsurgery remain
poor, irrespective of the degree of gut aganglionosis.>7 Al-
ternative forms of treatment are required if a satisfac-
tory outcome is to be achieved for this common dis-
order.

Advances in molecular and stem cell biology have pro-
vided new avenues for therapy for ENS disorders and
have led to the development of the ENS stem cell
field.182 In this respect, the persistence in fetal and post-
natal life of the original neural crest-derived precursors of
the ENS, variably referred to as ENS progenitor cells'®11 or
neural crest stem cells,'213 has led to the possibility of these
cells being used as therapeutic tools for ENS replenish-
ment in disorders characterized by a dysfunctional or
absent ENS.10-121415 These studies demonstrated that
such multipotent “stem” cells retain characteristics of
early ENS progenitors and could be harvested either as
single cells or within cellular aggregates termed neuro-
spheres or neurosphere-like bodies (NLBs). These could then
be transplanted into models of aganglionic gut, which
they colonize to ultimately form components of the ENS.
Such studies underpin the drive to translate this research
in animal models to humans, with the hypothesis that
stem cells, capable of generating a sufficient ENS to effect
functional recovery when transplanted into the affected
guts of patients with HSCR or other ENS disorders,
could eliminate the need for less efficient surgical treat-
ments.b16

Significant progress has been made in the identifica-
tion and harvesting of ENS stem cells from human gut.
We and other groups have reported the isolation of such
cells, contained within neurospheres from postnatal hu-
man gut including from the ganglionic segment of HSCR

Abbreviations used in this paper: CAM, chorioallantoic membrane;
ENS, enteric nervous system; ENSSC, enteric nervous system stem
cell; GFAP, glial fibrillary acidic protein; HSCR, Hirschsprung’s disease;
NLB, neurosphere-like body.
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gut.!11415 These studies have relied on obtaining full-
thickness gut tissue from resection specimens obtained
at surgery or postmortem, which poses significant prac-
tical limitations on the very likely requirement for re-
peated harvesting of fresh tissue.

Here, we describe the generation of ENS stem cell-
containing NLBs from human postnatal gut mucosal
tissue obtained using conventional, minimally invasive
intestinal endoscopic techniques. We show that cells de-
rived from such NLBs, upon transplantation into models
of aganglionic gut, are capable of colonizing such tissue
and differentiating appropriately into ENS neuronal and
glial cells. This study provides a significant and necessary
advance for the development of practical enteric neuro-
nal transplantation treatments for ENS disorders such as
HSCR.

Materials and Methods

Human Embryonic and Postnatal Gut
Material

Human embryonic material (8-12 weeks gesta-
tion) was obtained from the joint Medical Research
Council and the Wellcome Trust-funded Human Devel-
opmental Biology Resource under ethical approval from
the Joint UCL/UCLH committees on the ethics of human
research. Staging of embryos was carried out using the
Carnegie system and the gastrointestinal tract dissected
out and prepared for tissue culture.

Human postnatal tissue was obtained from patients of
Great Ormond Street Hospital (GOSH), London, UK,
under ethical approval from the ICH/GOSH REC-
045626 and with fully informed consent. Tissue was
either (1) ganglionic and/or aganglionic full-thickness
gut samples or (2) endoscopic gut mucosal biopsy spec-
imens obtained from children undergoing gut resection
surgery or endoscopic investigation, respectively, for gas-
trointestinal disorders including HSCR.

Generation of Human NLBs

To generate human ENSSC-containing NLBs
from both human embryonic and postnatal gut tissue,
we used a modification of the method that has been
successfully employed by members of the group in work
with murine gut!® (see Supplementary Materials and
Methods).

In Vitro Clonogenic Assays

A near single cell suspension was obtained from
7-day-old postnatal gut mucosal NLB cultures by treat-
ment with Accutase enzyme solution (PAA, Yeovil, UK)
for 10 minutes at 37°C and passage through a 50-pum cell
filter. For the clonogenic culture assay, pure single cells
were identified on clone sorting via flow cytometer Mo-
Flo XDP (Beckman Coulter, Luton, UK), and each cell
was plated into individual wells of fibronectin-coated,
96-well plates (4 plates/patient) before culturing for 14
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days in NLB standard medium 50%, supplemented with
conditioned medium (from 7-day-old NLB cultures). Any
colonies subsequently generated from each single cell
were microscopically identified by phase contrast and
subsequently stained via immunocytochemistry using an-
tibodies for TuJ1 and S100 as described.

Neurosphere Differentiation Cultures and
BrdU Incorporation

To assess the range of neuronal subtypes gener-
ated, in vitro NLBs were collected, dissociated, and
seeded onto fibronectin-coated 12-well culture dishes un-
der differentiation conditions. Differentiation of dividing
cells within NLBs was examined using a S-bromo-2-de-
oxyuridine (BrdU) proliferation assay and immunostain-
ing (see Supplementary Materials and Methods).

Immunohistochemistry

Immunohistochemistry was performed on cryo-
sections (12 wm) of frozen human gut samples and on
NLBs. Gut mucosal biopsy specimens and full-thickness
gut segments were prepared as previously described.!”
NLBs were incubated in blocking solution (phosphate-
buffered saline [PBS] containing 10% sheep serum, 0.1%
Triton X-100) for 30 minutes at room temperature then
primary and secondary antibodies were applied (see Sup-
plementary Materials and Methods).

Preparation of Recipient Gut Cultures

For cell transplantation experiments, human em-
bryonic or postnatal NLBs were injected into aganglionic
recipient guts of embryonic day (E) 5 chick embryos
placed on E8 chick chorioallantoic membrane (CAM).
Following preparation of the CAM (see Supplementary
Materials and Methods), 2-mm segments of aganglionic
ES5 chick hindgut (nerve of Remak removed) were placed
on it and NLBs transplanted adjacent to the rostral end
of recipient guts. Prior to injection, some NLBs were
incubated with the nuclear stain Hoechst 33342 (10 ug/
mL) for 30 minutes to enable cell labelling and facilitate
observation with a fluorescence stereomicroscope. In
later studies, the Hoechst stain was not used because of
potential interference with cell differentiation. Eggs were
incubated up to a further 12 days before injected guts
were processed for immunohistochemistry.

For the experiments utilizing human aganglionic gut
as recipient tissue, small segments of aganglionic gut
tissue from HSCR patients were prepared by removing
the mucosal and submucosal layers (to leave intact
smooth muscle layers) and cut into 1- to 2-mm? pieces
for use in organotypic tissue cultures as previously de-
scribed for murine gut!® (see Supplementary Materials
and Methods). For transplantation experiments, the hu-
man NLBs were washed with PBS and, using a glass
micropipette, injected into the center of the cultured
recipient guts. The cultures were then maintained for up
to 7 days before processing for immunohistochemistry.
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Results

Human Endoscopic Gut Mucosal Biopsy
Specimens Contain Both Neural and Stem
Cells of the ENS

Gut biopsy specimens (Figure 1A4) from 75 chil-
dren were collected and prepared for cell culture and
immunostaining. The children were aged between 9
months and 17.3 years (mean age, 9.2 years) and con-
sisted of 43 males and 32 females. Six children had HSCR
(biopsy specimens from proximal ganglionic bowel). For
comparison, full-thickness gut tissue samples were col-
lected from 8 children aged between 3 months and 17.9
years (mean age, 5.9 years), comprising 4 males and 4
females, and including 2 children with HSCR (tissue
from proximal ganglionic bowel).

To characterize the endoscopic biopsy specimens,
samples from each of 12 patients were also fixed and
sectioned for immunohistochemistry. Of these, 9 com-
prised gut mucosa alone and 3 contained fragments of
adherent submucosa in addition (Figure 1B). Immu-
nostaining of all biopsy specimens with the neuronal
marker TuJ1 revealed a rich neuronal network within
the mucosa, which consisted of both nerve fibers and
neuronal cell bodies (Figure 1C). Although the major-
ity of neurons was present as single cells, they did
occasionally appear in small clusters reminiscent of
enteric ganglia. To determine whether any ENSSCs
were present within the mucosa, sections were immu-
nostained using a panel of markers including the low-
affinity neurotrophin receptor p75 and the transcrip-
tion factor Sox10 (double stained with glial fibrillary
acidic protein [GFAP] to exclude cells committed to a
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Figure 1. Gut mucosal biopsy speci-
mens contain ENSSCs. (A) Gut mucosal
biopsy specimens (2-4 mm) were ob-
tained from patients undergoing gastroin-
testinal endoscopy. (B) Section through
endoscopic colonic mucosal biopsy (ob-
tained from 8-year-old patient) showing
the presence of a neuronal network
(green, stained with Tud1), smooth mus-
cle (red, stained with smooth muscle ac-
tin), and in this case a fragment of submu-
cosal tissue (SM). (C) Neuronal cell bodies
(green, Tud1, arrows) are evident within
the mucosal layers. (D) Double immuno-
staining with Sox10 (green) and GFAP (red)
reveal the presence of Sox10*GFAP~ cells
(arrows) within the mucosa suggestive
of undifferentiated ENS stem cells,
which are distinct from Sox10*GFAP*
cells (arrowhead) that are characteristic
of cells that have committed to a glial
lineage. Scale bar, 100 wm in B, 30 um
in C and D.

glial lineage). These immunostains showed that there
were both p75 (data not shown) and Sox10*GFAP~ cells
(Figure 1D) within the mucosa consistent with the pres-
ence of ENSSCs within this location.

NLBs Can Be Generated From Human
Embryonic and Postnatal Gut

Both embryonic and postnatal gut tissues (muco-
sal biopsy specimens and full thickness) were dissociated
and plated into cell culture maintained under conditions
designed to promote the generation of ENSSC-contain-
ing NLBs. For the mucosal biopsy specimens, NLBs were
generated in 52 out of the 75 sets of cultures established.
Of the remaining 23 (patients aged 1.5-17.3 years; mean,
10.7 years; and 14:9 male/female), 10 showed evidence of
bacterial contamination and were discarded, and, in the
rest, the cell cultures either failed to establish at all or no
NLBs were evident by day 14. In the 52 patients whose
cultures generated NLBs (age, 0.8-16.5 years; average, 8.6
years; 30:22 male/female), small cell aggregates were vis-
ible by day 5, which went on to form characteristic NLBs
by days 10-14 (Figure 2C and D). NLBs were generated
from all HSCR biopsy specimens and appeared equiva-
lent to those from non-HSCR gut. There were no appat-
ent differences between the numbers and size of NLBs
generated from endoscopic gut mucosal samples (Figure
2C and D; average diameter at postnatal age 1-12 years,
55.7 pum; and postnatal age 11-18 years, 58 um) and
those generated from the full-thickness samples (Figure
2E and F; average diameter, 60 pum). Although NLBs
generated from postnatal gut were of a similar size, their
efficiency of generation appeared to decrease with in-
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Figure 2. NLBs can be generated from
cultures of human embryonic gut and
postnatal gut mucosal and full-thickness =
tissue. (A—F) Phase contrast images at day
10 in culture showing that characteristic
NLBs are generated from primary cultures
of gut tissue obtained from all 3 sources.
Although NLBs generated from postnatal
mucosal and full-thickness gut tissue were
similar in quantity and size, those gener-
ated from embryonic gut (A, low power,
and B, high power) were more numerous
and larger compared with their postnatal
counterparts (mucosal: C, low power, and
D, high power; and full-thickness: E, low
power, and F, high power). Embryonic
data from 9-week-old embryo and postna-
tal data from 1-year-old child (C and D) and
5.5-month-old child (E and F). Scale bar,
200 umin A, C, and E; 50 pm in B; and 25
umin D and F.

creasing postnatal age. NLBs generated from embryonic
cultures formed slightly earlier (days 7-10; Figure 24 and
B) and in larger numbers and were larger than their
postnatal counterparts (Figure 2A-D; average diameter,
79 pm).

Human Embryonic and Postnatal Mucosal
NLBs Contain Differentiated Neurons and
Glia as Well as Cells That Are Proliferative
and Express Markers of ENSSCs

To characterize the NLBs generated in both
human embryonic gut and postnatal gut mucosal pri-
mary cultures, they were immunostained using a panel
of markers to determine the presence of cells that were
dividing (Ki67), expressed markers of neural crest or
neural stem cell status (p75, Nestin, and Sox10), or
were differentiated neurons and glia (Figures 3 and 4).
Sox10 immunoreactivity was assessed using double
immunostaining with the glial marker GFAP to ex-
clude Sox10-positive cells that had committed to the
glial lineage. Both embryonic and postnatal NLBs con-
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tained cells that were Ki67 positive (Figures 3A and
4A), although the number of immunopositive cells was
far greater in the former, consistent with their larger
size (Figure 2). Similarly, both embryonic and postna-
tal mucosal NLBs contained p75 (Figures 3B and 4B),
Nestin (Figures 3C and 4C), and Sox10 (Figures 3D and
4D) positive cells consistent with the idea they contain
ENSSCs. Again, the proportion of cells positive for
each marker was visibly greater in the embryonic com-
pared with the postnatal NLBs. Differentiated neurons
and glia (evident by their immunoreactivity to TuJl
and GFAP, respectively) were present in large numbers
in both embryonic and postnatal NLBs (Figures 3E and
F, and 4E and F). Taken together, these immunohisto-
chemical findings are consistent with the NLBs being
of neural crest origin.
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Human Postnatal Mucosal NLBs Contain
ENSSCs Capable of Generating Colonies
Comprising Neurons and Glia in Clonogenic
Cultures

To confirm further the presence of ENSSCs
within NLBs, the latter were harvested from human post-
natal gut mucosal primary cultures; dissociated into near
single cell suspension; and, using flow cytometry, single
cells plated into individual wells of 96-well plates and
cultured for 14 days. Any colonies generated were iden-
tified microscopically and subsequently immunostained
using antibodies for TuJ1 and S100. Such clonogenic
assays were carried out on NLBs generated in cultures
from 4 patients (age, 7-16.5 years; average age, 12.9 years;
2:2 male/female). Using phase contrast microscopy, sin-
gle cells were visible within the wells in the first 24 hours
after plating (Figure 5A, inset). By day 10, although no
colonies were generated from the 16.5-year-old male, an
average of 3.9% of wells (range, 1%-10.7%) from the
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Figure 3. Characterization of human
embryonic NLBs. NLBs were harvested
from primary cultures of embryonic gut
tissue after 14 days in culture. NLBs con-
tain numerous cells immunopositive for
the proliferation marker Ki67 (A) and the
neural crest cell and neural progenitor
markers p75 (B) and Nestin (C). Cells
were also immunopositive for Sox10
(green) in the absence of GFAP (red)
staining (D, arrows). NLBs also contained
differentiated neurons (E, green cells
showing Tud1 immunoreactivity) and glia
(F, red cells showing GFAP immunoreac-
tivity). Scale bar, 50 um in A represents
value for A-D and -, and is 50 um in E.

remaining 3 experiments (average age, 11.6 years) con-
tained large colonies of cells (Figure 5A, low power; 5B,
high power), which by 14 days into culture consisted of an
average of 1300 cells/colony. Cells within colonies
showed characteristic neural morphology under phase
contrast (Figure 5B), and immunostaining revealed cells
immunoreactive for both the neuronal marker TuJ1 (Fig-
ure 5C) and glial marker S-100 (Figure 5D). These exper-
iments confirmed the clonogenic ability and bipotential-
ity of cells contained within NLBs and, given their
isolation from primary NLBs, also suggested that they
were self-renewing.

Human Embryonic and Postnatal NLBs Can
Generate a Variety of ENS Appropriate
Mature Neuronal Subtypes

To assess the therapeutic potential of NLBs prior
to in vivo transplantation, they were examined for their
ability to generate ENS appropriate neuronal phenotypes
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Figure 4. Characterization of human
postnatal gut mucosal NLBs. NLBs were
harvested from primary cultures of post-
natal gut tissue after 14 days in culture.
Immunostaining showing that NLBs con-
tain cells immunoreactive for Ki67 (A, ar-
rows), p75 (B), Nestin (C), and for Sox10
in the absence of GFAP staining (D, ar-
rows). NLBs also contained differentiated
neurons (E, green cells showing Tud1 im-
munoreactivity) and glia (F, red cells
showing GFAP immunoreactivity). Scale
bar, 50 um in A represents value in A-E
and is 25 pmin F.

in vitro. Embryonic and postnatal mucosal NLBs were
dissociated into cell suspension and plated into culture
under conditions that favor differentiation. After 7 days,
the cultures were immunostained with a panel of neuro-
nal markers. Both embryonic and postnatal NLBs were
able to generate cells representative of neuronal (TuJl,
Supplementary Figure 1A and G) and ENS neuronal
phenotypes (CGRP, NOS, Ser, VIP, and ChAT; Supple-
mentary Figure 1B-F and 1H-K).

Human Postnatal Mucosal NLBs Contain
Dividing Cells That Express Neuronal and
Glial Lineage Markers

To determine whether neodifferentiation was
present in dividing cells seen within NLBs, BrdU was
added to the culture medium of proliferating NLBs prior
to dissociation and culture. At 14 days, cells within the
cultures of dissociated NLBs expressed markers for neu-
rons (PGP9.5, Supplementary Figure 2A) and glia (S100,
Supplementary Figure 2B). BrdU incorporation was de-
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tected in cells immunopositive for the pan-neuronal
marker PGP9.5 (Supplementary Figure 2C) and the glial
marker GFAP (Supplementary Figure 2D). These results
suggest that NLBs generated from postnatal mucosal
biopsy specimens contained dividing cells that differen-
tiate into neurons and glia, consistent either with neod-
ifferentiation within uncommitted ENS progenitors or
within progenitor cells committed to neuronal or glial
lineages.

Cells From Human Embryonic and Postnatal
Gut Mucosal NLBs Can Colonize Aganglionic
Gut Maintained in Culture and Show ENS
Appropriate Localization and Differentiation

To assess best the therapeutic potential of embry-
onic and postnatal mucosal NLBs, these were grafted
onto aganglionic embryonic (E5) chick hindgut explants
maintained on the CAM (Figures 6A-F and 7A and C-F)
for up to 12 days before harvesting and analysis. Al-
though ungrafted aganglionic chick hindgut explants
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showed equivalent growth and anatomical maturation to
grafted explants, they never contained cells immunopo-
sitive for neuronal or glial markers (Figure 7B). Both
embryonic and postnatal NLBs engrafted onto the recip-
ient tissue irrespective of gestational or postnatal age. By
day 3, cells originating from the NLBs were evident in
deeper gut layers (data not shown) and, by day 7 onward,
were present in large numbers within submucosal and
myenteric regions of gut (Figures 6B-F and 7C-F).

In the embryonic NLB grafting experiments, NLB-derived
cells (labeled with a fluorescent Hoechst 33342 nuclear
stain) appeared to organize into presumptive ganglia within
the submucosal and myenteric regions by day 7 (Figure 6B,
and data not shown). By day 10, differentiated neuronal
(Figure 6C) and glial cells (Figure 6D) were present within
the deeper layers, and, by day 12, there was evidence of
differentiation into more mature neuronal subtypes (sero-
tonin and choline acetyltransferase-containing neurons;
Figure 6E and F, respectively).

In the postnatal NLB experiments, by days 7-10, large
clusters of neuronal cells were evident within the myenteric
and submucosal regions presumably close to the NLB graft
(Figure 7C). By days 10-12, numerous neuronal cells were
evident radially throughout the myenteric and submucosal
regions (Figure 7D) and organized into presumptive ganglia
(Figure 7D, inset). By day 12, transplanted cells showed
organization into ganglia as well as differentiation
into mature neuronal subtypes (vasoactive intestinal
polypeptide and nitric oxide synthase-containing neu-
rons; Figure 7E and F, respectively). In both embryonic
and postnatal experiments, the transplanted cells were
also capable of longitudinal migration. In 3 of 12
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Figure 5. Human mucosal postnatal
NLBs contain ENSSCs capable of gener-
ating colonies comprising neurons and
glia in clonogenic cultures. NLBs were
dissociated into a cell suspension and
single cells selected and each plated us-
ing flow cytometry into individual wells of a
96-well plate. Using phase contrast mi-
croscopy, single cells were visible within
the wells in the first 24 hours after plating
(A, inset) and, by 10 days, a proportion of
wells contained large colonies of cells (A,
low power, and B, high power). Cells
within such colonies showed characteris-
tic neural morphology under phase con-
trast (B) and immunoreactivity for both the
pan-neuronal marker Tud1 (C and D, red,
arrowheads) and glial marker S-100 (C
and D, green, arrows). Scale bar, 100 um
in C for C and D.

sequential postnatal grafting experiments, transplanted
cells had colonized the entire length of recipient guts by
culture end (up to 3600 wm, data not shown).

Cells From Postnatal NLBs Can Colonize
Segments of Aganglionic Human HSCR Gut

In an attempt to recapitulate the recipient gut envi-
ronment of HSCR gut, postnatal NLBs were grafted onto
segments of HSCR aganglionic gut maintained in organo-
typic cultures. Some of the segments were left ungrafted,
and, 7 days later, immunostaining showed parallel neuro-
nal fibers coursing through the tissue, representative
of the presumed extrinsically originating nerve fiber
bundles characteristically seen in aganglionic HSCR tis-
sue (Figure 8A4). Human postnatal and embryonic NLBs
were engrafted upon this donor tissue, and, within a few
days, neuronal processes and cell bodies extended away
from the NLB (Figure 8B and C). By day 7, the NLBs had
formed robust connections across the aganglionic tissue
reminiscent of nerve plexi (Figure 8C and D). Cross sec-
tions through the grafted segments showed the NLBs
had integrated within the recipient tissue in aggregates
(Figure 8F) compared with the ungrafted segments (Fig-
ure 8E). These studies showed that, at least in the cases of
human HSCR tissues tested here, the gut is receptive of
and supportive of human postnatal NLBs.

Discussion

We have shown that ENSSC-containing NLBs can
be generated from postnatal human gut mucosal biopsy
specimens obtained using conventional endoscopic tech-
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Figure 6. Cells derived from transplanted
human embryonic NLBs are capable of
ENS appropriate localization and differen-
tiation upon grafting into recipient agan-
glionic gut. (A) Human embryonic NLB
(pretreated with Hoechst 33342, arrow)
grafted onto aganglionic chick hindgut
explant 1 day after placement on the
CAM. The Hoechst treatment facilitated
tracing of the donor cells in recipient tis-
sue postgrafting (B). Seven days after
grafting, the Hoechst labeled cells had
migrated to the submucosal (B) and my-
enteric plexi (data not shown) and aggre-
gated into discrete cell clusters (B, ar-
rows) between the muscle layers (green,
smooth muscle actin immunoreactivity).
By 10 days postgrafting, neuronal (C,
green TuJ1 immunoreactivity) and glial (D,
green GFAP immunoreactivity) cells were
seen within the submucosal and myen-
teric plexi. Evidence of differentiation into
serotonergic (E, green) and cholinergic (F,
green) neuronal subtypes was also evi-
dent by day 12. Scale bar in B represents
100 pmin B, 200 um in C and D, and 50
umin Eand F.

niques. Such NLBs appear to be generated with the same
efficiency as those from full-thickness gut tissue. Impor-
tantly, they exhibit characteristics similar to NLBs gen-
erated from embryonic human gut tissue taken at
developmental stages appropriate for ENS formation,
including the ability to generate a range of neuronal
phenotypes normally encountered in a mature, func-
tional ENS. Upon transplantation into recipient agangli-
onic gut tissue, including that from HSCR, cells derived
from NLBs are capable of colonizing this tissue in ap-
propriate locations and differentiating into neurons and
glia.

Not only do the results of our study concur with
previous work from us and others showing that ENSSCs,
contained within neurospheres or NLBs, can be derived
from postnatal human gut,'%1415 but, most significantly,
they represent novel data that shows that ENSSCs that
are self-renewing, bipotential (capable of generating neu-
rons and glia), and have clonogenic ability can be gener-
ated from gut mucosal biopsy specimens beyond the
neonatal period through into late childhood. This is
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significant given that the initial diagnosis and subse-
quent management of almost all congenital (including
HSCR) and indeed many acquired ENS disorders occurs
within the childhood period. Thus, if we consider any cell
replenishment therapy for ENS disorders, especially au-
tologous strategies, then both the harvesting of therapeu-
tic ENSSCs and their transplantation needs to occur
within this time frame. Our data demonstrate the feasi-
bility of this process.

The ability to harvest ENSSC-containing gut tissue,
using conventional endoscopic techniques to obtain gut
mucosal biopsy specimens, represents a major practical
step forward in the development of definitive ENS stem
cell therapies. To date, including our current data, we and
others have reported the isolation of ENSSCs, contained
within neurospheres from postnatal human gut utilizing
full-thickness gut tissue obtained at postmortem or re-
section from surgery.!’1415 In establishing therapeutic
protocols in humans, however, the need for gut resection
and often major surgery to harvest tissue provides prac-
tical and ethical obstacles. Although such surgery may be
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inevitable in HSCR patients (eg, for bowel decompres-
sion), it is unlikely, given the limited migration capacity
of transplanted ENSSCs,'%!! that a single procedure
would provide sufficient ENSSCs to replenish the large
amount of aganglionic or dysfunctional gut seen in
HSCR. Perhaps the repeated requirement for obtaining
ENSSCs over time could be overcome by their continued
expansion and propagation in culture for long peri-
ods.!115 Repeated harvesting of fresh gut tissue, however,
as opposed to prolonged culture, is likely to be preferable
given that the latter may further impair the already re-
stricted developmental potential of postnatal cells'?> and
reduce levels of engraftment.'> Endoscopy would provide
a widely accepted, minimally invasive, and reliable means
of obtaining such tissue and, moreover, utilizes a regen-
erating source of tissue that is repeatably accessible. Pe-
diatric endoscopy is increasingly being done as a short,
day case procedure.

Although from a therapeutic prospect, the precise
source for the ENSSCs generated from the gut mucosal
specimens is somewhat immaterial, it does raise some
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Figure 7. Cells derived from transplanted
human postnatal gut mucosal NLBs are
capable of ENS appropriate localization
and differentiation upon grafting into re-
cipient aganglionic gut. (A) Postnatal NLB
(arrow) generated from 12-year-old child
grafted onto aganglionic chick hindgut
explant 1 day after placement on the
CAM. The NLB was pretreated with
Hoechst 33342 to allow its visualization at
grafting. Ten days after grafting, a cluster
of neuronal cells (C, arrow) is evident by
Tud1 immunoreactivity (C, green) be-
tween the muscle layers (C, red, smooth
muscle actin). By days 10-12 at low
power, neuronal cells were evident
around the radial axis of the recipient gut
(D, green Tud1 immunoreactivity), and, at
high power, neuronal cells were also evi-
dent within the submucosal and myen-
teric plexi (D, inset) where they formed
discrete ganglia-like clusters between the
muscle layers. Evidence of differentiation
into vasoactive intestinal polypeptide (E,
green, arrows) and nitric oxide synthase
(F, green, arrow) neuronal subtypes was
also evident by day 12. No such neuronal
cells were present within control non-
transplanted aganglionic chick hindgut
explant cultured on CAM for 12 days (B,
green, Tud1 immunoreactivity). Scale bar
in B represents 200 um for B, C, and D
and scale bar in E represents 50 um in £
and F.

interesting questions about the structure of the ENS and
niche of ENSSCs within the gut. There appear to be 3
possibilities to explain why endoscopic biopsy specimens
are capable of generating ENSSC containing NLBs. The
first is that ENSSCs are derived from adherent fragments
of submucosa. Although this is feasible, especially given
that submucosal enteric ganglia are primarily found at
the mucosal/submucosal border,'® our data would sug-
gest that this is unlikely to be the case, given that most
endoscopic biopsy specimens were devoid of any submu-
cosa. A second possibility is that the ENSSCs are derived
from other stem cells within the mucosa. Although this
should be explored given the availability of tools for
lineage tracing of cryptal stem cells in the intestine,?® our
data support the third possibility, which is that ENSSCs
are neural crest derived?! and present within a mucosal
plexus. Recent data, largely from porcine studies, support
the existence of neuronal cells and ganglia within the
intestinal mucosa?223 and substantiate earlier observa-
tions in the human that suggest that a third ganglion-
ated plexus of the ENS exists within the mucosa.?*-26
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Figure 8. Human postnatal NLBs are C
capable of colonizing segments of HSCR
aganglionic gut maintained in tissue cul-
ture. (A) Nontransplanted aganglionic
HSCR gut (patient aged 8 months) after 7
days organotypic culture showing pres-
ence of parallel Tud1+ve neuronal fibers
(arrowheads) within the smooth muscle.
(B) Human embryonic NLB 5 days after
placement on aganglionic gut segment
from same patient showing extensive
neuronal processes (arrowheads). (C) Af-
ter 7 days, transplanted postnatal NLBs
(arrows) from 14-year-old patient have in-
terconnected with each other across the
surface of the recipient gut forming a plex-
us-like arrangement (D, high power). (E
and F) Cross sections through 7-day cul-
tured aganglionic gut either nontrans-
planted (E) or transplanted (F) showing
absence of neuronal clusters in the former
but discrete clusters upon the surface
and within the deeper layers (F, inset) of
transplanted gut (F). Scale bar in A repre-
sents 200 uminA, C, E, and Fand 50 um
in D. Scale bar, 50 um in B.

ff"\ '\

Anatomically distinct ENS populations within the gut wall
may not only serve different functions, but ENSSCs at each
niche may possess varied developmental potentials, which
may underlie potential differences in ENS plasticity and
repair in response to damage/inflammation.?”

In establishing their therapeutic potential, our in vitro
data not only show that postnatal gut mucosal NLBs
contain ENSSCs but, akin to the developmental potential
of embryonic NLBs, they are also capable of generating a
range of ENS neuronal phenotypes. It is likely that such
neurons are the consequence of neodifferentiation given
confirmation of the clonogenic and bipotent capability of
presumptive ENSSCs contained within NLBs, incorpora-
tion of BrdU into NLB-derived cells differentiating into
neurons and glia, and the experience of us and others
that previously differentiated neurons are not present at
establishment of primary cultures of dissociated intes-
tine.'%28 Both embryonic and postnatal NLBs are more-
over able to colonize aganglionic recipient gut and give
rise to an anatomically appropriate ENS, including the
generation of mature neuronal subtypes. The range of

+ NLB
.\,« ;f',\gang+ D

GUT MUCOSAL ENTERIC NERVOUS SYSTEM STEM CELLS 2223

Aganglionic

Agang + NLB

Aganglionic

these subtypes, although limited, are reflective of a ma-
ture ENS and consist of both Mash-1-dependent and
-independent lineages.?® Given that the in vitro data are
not supportive of a restricted potential of ENSSCs, these
findings either suggest that the limited time course of the
CAM gut culture system (12 days posttransplantation) is
insufficient to enable visualization of, or that the gut
environment is restrictive to, terminal neuronal differen-
tiation. The latter is unlikely, however, given numerous
studies showing that embryonic aganglionic gut, includ-
ing that of known animal models of aganglionosis (Ret,
EDNRB mutants), is receptive to wild-type ENSSCs and
can support mature neuronal subtypes.1011.13.30 Further
long-term differentiation studies are required but may
only be possible following in vivo transplantation of
ENSSCs into postnatal recipient gut. There are data to
suggest that such postnatal gut is receptive to trans-
planted neural stem cells, although these studies used
embryonic nongut-derived cells,?' which may not pos-
sess the same enteric potential as gut-derived stem
cells.13
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We have also shown that ENSSCs can be harvested
from, and transplanted into, the ganglionic and agangli-
onic segments of HSCR gut, respectively, confirming the
feasibility of autologous transplantation.!t!s It is very
likely, however, that ENSSCs isolated from HSCR pa-
tients, where the proportion of RET mutations are high,?
will be inherently dysfunctional and will require further
biologic or genetic manipulation prior to transplanta-
tion.13,32,33

In conclusion, by realizing the potential of the gut
mucosa as a source of ENSSCs, this study provides a
significant and necessary advance for the development of
practical enteric neural transplantation treatments for
ENS disorders such as HSCR and might have a wider
applicability for the establishment of neural components
within the many facets of regenerative medicine.

Supplementary Data

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2009.02.048.
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Supplementary Materials and Methods

Generation of Human Neurosphere-Like
Bodies

Human embryonic gut was incubated in 1 mg/mL
Collagenase/Dispase (Roche, Mannheim, Germany) in
phosphate-buffered saline (PBS) for up to 15 minutes at
37°C. Digested tissue was triturated and washed, and the
cells were seeded onto 35-mm Petri dishes coated with
fibronectin (2 wg/cm? Sigma Chemical Co, St. Louis,
MO) and maintained in Dulbecco’s modified Eagle me-
dium (DMEM)/F-12 medium supplemented with penicillin
(100 U/mL; Sigma Chemical Co), streptomycin (100 ug/mL;
Sigma Chemical Co), L-glutamine (2 mmol/L, Sigma Chem-
ical Co), N2 (1:100, Invitrogen, Karlsruhe, Germany), basic
fibroblast growth factor (20 ng/mL; Peprotech, London,
UK), and epidermal growth factor (20 ng/mL; Peprotech).
Culture medium was replaced every 3-4 days, and cultures
were monitored for the generation of neurosphere-like bod-
ies (NLBs).

Postnatal gut mucosal biopsy samples were obtained us-
ing endoscopic techniques. From each patient, up to 6
individual biopsy specimens (2-4 mm) were obtained for
culturing and, where possible, also processed for immuno-
histochemistry. To generate NLBs, the postnatal gut biopsy
specimens (both mucosal and full thickness) were mechan-
ically then enzymatically dissociated (collagenase XI 750
U/mL, Sigma Chemical Co; and dispase II 250 ug/mL,
Roche, Mannheim, Germany) for 15-30 minutes at 37°C to
generate a cell suspension, which was plated in culture to
generate NLBs as described for embryonic cultures above.

Neurosphere Differentiation Cultures

To assess the range of neuronal subtypes gener-
ated, in vitro NLBs were collected, dissociated, and
seeded onto fibronectin-coated, 12-well culture dishes in
DMEM/F-12 medium without growth factors and sup-
plemented with penicillin (100 U/mL), streptomycin (100
pg/mL), L-glutamine (2 mmol/L), N2 (1:100), and 2%
fetal calf serum (Invitrogen). Cell cultures were main-
tained for 14 days then processed for immunohistochem-

istry.
Immunohistochemistry

Immunostaining was performed on cryosections
(12 wm) of frozen human gut samples, NLBs, and recip-
ient gut samples. Gut mucosal biopsy specimens and
recipient gut segments were chemically fixed in 4% para-
formaldehyde (PFA) for 4 hours at 4°C, rinsed repeatedly
in PBS (3-5 minutes), left overnight in 15% sucrose so-
lution in PBS at 4°C, and then transferred to a solution
containing 15% sucrose, 5% gelatin in PBS at 37°C for 1
hour. Tissues were finally placed in blocks, oriented ap-
propriately in cooling gelatin solution, and frozen in
isopentane, precooled in liquid nitrogen to —60°C. NLBs
were centrifuged at 180g and then frozen in OCT embed-
ding compound (Tissue-Tek; Sakura Finetek, Tokyo, Ja-
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pan). Cryosections of NLBs were fixed in 4% PFA for 10
minutes at room temperature and rinsed in PBS before
application of blocking solution (PBS containing 10%
sheep serum, 0.1% Triton X-100) for 30 minutes at room
temperature.

Primary antibodies (Supplementary Table 1) were ap-
plied and visualized with the respective fluorochrome-
conjugated secondary antibodies Alexa 488 or Alexa 568
(Invitrogen, Paisley, UK). Stained sections were cover-
slipped with Vectashield containing Dapi (Vector Labs,
Peterborough, UK) and images captured on a Zeiss Ax-
iophot microscope (Zeiss, Jena, Germany) equipped with
a Leica DC-500 digital camera and Leica Firecam (v1.20)
software, or on a Leica Confocal microscope (Leica Mi-
crosystems, Bucks, UK). All figures were assembled and
annotated using Adobe Photoshop (v9.2 software; Adobe
Inc, San Jose, CA).

Preparation of Recipient Gut Cultures

To prepare chorioallantoic membrane (CAM) for
culturing of recipient aganglionic gut, fertilized brown
Gold Line eggs (Gallus gallus domesticus) were obtained
from commercial sources and incubated at 37.5°C in a
temperature-controlled brooder and humidified atmo-
sphere. Access to the CAM was gained by cutting a
window in the eggshell after 3 days incubation. Three
milliliters albumen was withdrawn, and eggs were incu-
bated for a further 5 days. For transplantation experi-
ments, 2-mm segments of aganglionic ES chick hindgut
were prepared by carefully removing the nerve of Remak
and placing the segments onto the CAM for 1 day prior
to NLB transplantation.

For the experiments utilizing human aganglionic gut
as recipient tissue, small segments of aganglionic gut
tissue (from HSCR patients) were prepared by removing
the mucosal and submucosal layers to leave intact smooth
muscle layers. The residual gut was then cut into 1-to
2-mm? pieces for use in organotypic tissue cultures as
previously described for murine gut.! Briefly, the pieces
were transferred onto uncoated membrane inserts (Mil-
lipore CM, 0.4-um pore size; Millipore, Watford, UK)
positioned within wells of a 6-well plate, each containing
1 mL culture medium, prior to NLB transplantation.

BrdU Labeling

Cell proliferation was visualized by 5-bromo-2-
deoxyuridine (BrdU) proliferation assay. BrdU (10 mmol/L)
was added for 1 hour to the culture medium of prolifer-
ating spheres and further cultured for another 14 days
under differentiation conditions. Detection of ethanol-
fixed, BrdU-positive cells was carried out with the BrdU
Detection Kit I (Roche).
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Supplementary Figure 1. Generation of diverse ENS appropriate neuronal phenotypes from human embryonic and postnatal NLBs. NLBs were
dissociated and plated into cell culture under differentiation conditions. At 7 days, cultures from embryonic (panels A-F) and postnatal (panels G-L)
NLBs showed immunoreactivity for the pan-neuronal marker Tud1 (A and G) along with the neuronal subtypes calcitonin gene-related peptide (B and
H), nitric oxide synthase (C and /), serotonin (D and J), vasoactive intestinal polypeptide (E and K), and choline acetyl-transferase (F and L). Scale bars,
20 um for A-L.
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Supplementary Table 1. Primary Antibodies Used in Immunostaining

GASTROENTEROLOGY Vol. 136, No. 7

Supplementary Figure 2. Postnatal
mucosal NLBs contain dividing cells that
express neuronal and glial lineage mark-
ers. To determine whether neodifferentia-
tion was present in dividing cells seen
within NLBs, BrdU was added to the cul-
ture medium of proliferating NLBs prior to
dissociation and culture for another 14
days under differentiation conditions. At
14 days, cells within the cultures of disso-
ciated postnatal mucosal NLBs ex-
pressed markers for neurons (A, PGP9.5)
and glia (B, S100). BrdU incorporation
(green staining) was detected in cells im-
munopositive for the pan neuronal marker
PGP9.5 (C, arrows) and the glial marker
GFAP (D, arrow). Scale bar, 50 um for
A-D.

Primary antibodies Host Dilution Supplier
GFAP Rabbit 1:600 Dako, Ely, UK
B-tubulin 11: TuJ1 Mouse 1:1000 Covance, Princeton, USA
Tyrosine hydroxylase: TH Rabbit 1:1000 BD, Heidelberg, Germany
Smooth muscle actin: SMA Mouse 1:200 Dako, Ely, UK
Nitric oxide synthase: NOS Rabbit 1:40 AbD Serotec, Oxford, UK
Choline acetyl transferase: ChAT Rabbit 1:200 Sigma, Gillingham, UK
Vasoactive intestinal peptide: VIP Rabbit 1:200 AbD Serotec, Oxford, UK
Serotonin Rabbit 1:1000 DiaSorin, Dietzenbach, Germany
Calcitonin gene related peptide: CGRP Goat 1:600 AbD Serotec, Oxford, UK
Ki-67 Rabbit 1:1000 Novocastra, Newcastle, UK
p75NTR Rabbit 1:250 Promega, Southampton, UK
Sox10 Mouse 1:5 Dr. David J. Anderson; Caltech, Pasadena, CA
Nestin Mouse 1:200 Chemicon, Schwalbach, Germany
PGP9.5 Rabbit 1:2000 Chemicon, Temecula, CA
S100 Rabbit 1:600 Dako, Ely, UK
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