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Despite significant progress in our understanding of the etiology and pathophysiology of Hirschsprung
disease (HSCR), early and accurate diagnosis and operative management can be challenging. Moreover,
long-term morbidity following surgery, including fecal incontinence, constipation, and Hirschsprung-
associated enterocolitis (HAEC), remains problematic. Recent advances applying state-of-the art imaging
for visualization of the enteric nervous system and utilizing neuronal stem cells to replace the missing
enteric neurons and glial cells offer the possibility of a promising new future for patients with HSCR. In
this review, we summarize recent research advances that may one day offer novel approaches for the
diagnosis and management of this disease.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Hirschsprung disease (HSCR) is a developmental disorder of the
enteric nervous system (ENS), characterized by the absence of en-
teric neurons and glial cells along variable length of the distal in-
testine. Current treatment of HSCR, especially in cases of extensive
aganglionosis, remains inadequate. Treatments are limited to bowel
resection for the majority of cases or diversion and parenteral
nutrition for those with aganglionosis extending to the proximal
small intestine. Surgical resection of the aganglionic segment has
been the mainstay of treatment since Orvar Swenson’s original de-
scription in 1948 [1] that revolutionized the management and sur-
vival of children with HSCR, a disease that had been universally
fatal prior to that time. Mortality has been below 6% since the
1980s and is usually due to Hirschsprung-associated enterocoli-
tis (HAEC) or iatrogenic complications of central venous catheter-
related sepsis or parenteral nutrition-related liver failure, particu-
larly in long-segment HSCR [2,3]. However, postoperative morbid-
ity following pull-through surgery for HSCR remains a major prob-
lem. Recent studies report that HSCR patients frequently have im-
paired bowel function after pull-through surgery, with 42% of chil-
dren reporting a clinically significant reduction in overall quality
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of life [4]. The frequency of defecation often remains persistently
elevated into adulthood in up to 50% of cases [5]. This morbid-
ity may be attributed to multiple causes, including abnormalities
of, or operative injury to, the anal sphincters and/or pelvic inner-
vation, residual dysganglionosis or underlying colonic dysmaotility,
loss of the rectum as part of the pull-through operation, or func-
tional constipation associated with the repeated trauma of anorec-
tal dilations, irrigations, and enemas. The current results highlight
the need for improved therapies for HSCR. In this review, we pro-
vide an overview of recent advances in clinical diagnosis and the
status of regenerative cell-based approaches to treating HSCR.

2. Clinical diagnosis
2.1. Advances in diagnostic histopathology

At present, the ability to identify ganglion cells by histopatho-
logical evaluation of rectal biopsies is primarily dependent on rou-
tine hematoxylin and eosin (H&E) stain and a pathologist’s experi-
ence. Several studies have highlighted the advantages of combin-
ing H&E histochemistry with other immunohistochemistry (IHC)
markers, leading to improved diagnostic accuracy [6,7]. Acetyl-
cholinesterase (AChE) histochemistry has been used for many years
to diagnose HSCR. However, it requires special tissue handling and
cannot be performed on formalin-fixed, paraffin-embedded tissue.
Calretinin IHC has been shown to have high specificity and sen-
sitivity for diagnosing HSCR [7]. It is a very reliable adjunct to
H&E staining for the evaluation of rectal biopsies [8] and has re-
placed the use of AChE staining at many centers. Another po-
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tential alternative to AChE is staining for the choline transporter
(ChT), which is responsible for transporting choline into cholin-
ergic neurons where it is combined with acetyl CoA by choline
acetyltransferase (ChAT) to make the excitatory neurotransmitter,
acetylcholine (ACh). Kapur et al. found that abnormal mucosal ChT
staining was present through the entire length of the aganglionic
segment and into the transition zone, where hypertrophic submu-
cosal nerves were observed [6]. The result is important for biopsies
from patients with very short-segment HSCR since calretinin stain-
ing can be present in some of these cases, leading to false-negative
results [9]. Galazka et al. recently studied a panel of antibodies and
reported that the use of antibodies against CD56 (neural cell adhe-
sion molecule, NCAM) and S-100 (glial marker) yielded a high sen-
sitivity and specificity for the diagnosis [10]. However, the utility
of immunohistochemistry is limited in the intra-operative setting,
when timely identification of the aganglionic, ganglionic, and tran-
sition zones is essential.

2.2. Advanced imaging techniques for diagnosis

Although the typical clinical presentation of HSCR is that of
a neonate who fails to pass meconium within 48 h of life [11],
the presentation can vary. While the majority present during in-
fancy, some develop severe constipation after the neonatal period.
In about 10% of cases, the initial presentation is with diarrhea due
to HAEC, often delaying the diagnosis [12]. Patients for whom there
is a high index of suspicion for HSCR typically undergo contrast
enema or anorectal manometry. These are less invasive for initial
screening, but their specificity and positive predictive value are sig-
nificantly lower [13,14] than rectal suction biopsy (RSB), the gold
standard for the diagnosis with 95-97% sensitivity and 99% speci-
ficity [15]. However, challenges exist with RSB, such as sampling
bias caused by the analysis of small specimens [16]. In addition,
inadequate RSB and false-negative results are higher in older chil-
dren due to the thickness of the rectal mucosa, requiring open
transanal rectal biopsy in these patients and general anesthesia. A
recent systematic analysis showed that RSB-related complications,
such as bleeding and perforation, are more frequent in newborns
and infants than in older children [15]. These studies indicate the
need for more accurate and less invasive techniques for improving
the diagnosis of HSCR.

Over the last decade, several innovative studies have reported
successful visualization of the myenteric plexus without tissue pro-
cessing for immunohistochemistry, which would be beneficial for
real-time, non-invasive diagnosis and for determination of the ap-
propriate level for surgical transection intra-operatively. Frykman
et al. for example, showed that spectral imaging could distinguish
normal versus aganglionic bowel with high sensitivity and speci-
ficity in mice with HSCR [17]. Dubois et al. developed full-field op-
tical coherence microscopy (FFOCM) based on the technology used
for optical coherence tomography (OCT), which is widely used in
biomedical imaging, including endoscopy [18]. The low resolution
of OCT was improved by adding the high transverse resolution of
confocal microscopy. This wide-field, high-resolution form of OCT
can acquire <1 pm resolution images of deep tissue without re-
quiring any contrast dye [19]. Coron et al. demonstrated the ability
of FFOCM to visualize the myenteric plexus in surgically resected
human gut as well as mouse intestine [20]. FFOCM was able to
distinguish the ganglionic from aganglionic segments in mice with
HSCR, using either fresh or fixed specimens [20]. However, further
validation of this technique using a larger number of human spec-
imens and optimization for its application in vivo are needed.

Confocal laser endomicroscopy (CLE) is another potential tool
for visualizing the human myenteric plexus. An initial report us-
ing this technology showed successful visualization of the ENS dur-
ing endoscopy in patients with colon cancer, although endoscopic

removal of the mucosa and administration of neuronal dye were
necessary [21]. Serosal application of the probe was used on surgi-
cally resected human intestine to test the feasibility of this imag-
ing modality [22] and showed successful visualization of myenteric
ganglia with 88.4% accuracy [23]. Although some technical chal-
lenges, such as adjusting the focal plane of CLE to the thin myen-
teric layer, must be overcome before clinical application, these
findings raise the possibility for using minimally invasive tech-
niques to diagnose HSCR and to identify the transition zone ei-
ther endoscopically or laparoscopically. A recent pilot study using
ultra-high frequency (UHF) ultrasound demonstrated successful vi-
sualization of key structures of the colorectal wall by serosal imag-
ing of surgically resected ganglionic and aganglionic segments of
bowel from children with HSCR [24]. While this study used ex vivo
specimens, it lays the foundation for potentially using UHF ultra-
sound for in vivo diagnosis and as an aid in determining the resec-
tion margin during pull-through surgery or the proper location of
a leveling ostomy. Developing advanced imaging technologies for
visualization of the ENS would not only permit safe, accurate, and
minimally invasive circumferential evaluation of the intestine, but
would also allow large studies of healthy populations at multiple
ages to determine the normal number, density, and structure of
enteric ganglia. This would provide much needed normative data
about the structure of the normal human ENS at different ages and
in different regions of the bowel, and thereby improve our ability
to define the transition zone and to diagnose more subtle dysgan-
glionoses than HSCR.

A limitation of current diagnostic techniques is that they are
only intended to identify the presence or absence of ganglion cells,
whereas the pathology of HSCR is more complex. Several stud-
ies have shown altered ratios of inhibitory and excitatory enteric
neurons at the proximal resection margin, with evidence suggest-
ing that this may contribute to postoperative morbidity [25]. Fur-
thermore, diagnosing hypoganglionosis in the transition zone re-
mains subjective and this may lead to failure to remove completely
this segment at the time of the pull-through. Therefore, the sim-
ple presence of ganglion cells may not be sufficient to determine
the optimal resection margin. Future diagnostic modalities will ide-
ally assess neuronal density and subtype composition as an intra-
operative determinant of resection level and as a predictor of clin-
ical outcome.

2.3. Role of genetic diagnosis

The role of genetic testing for the prenatal diagnosis of
HSCR remains unclear. The disease is non-Mendelian with vari-
able phenotypic expression and incomplete penetrance, reflect-
ing complex interactions among multiple genetic loci and epige-
netic/environmental factors and making diagnosis based on genet-
ics alone unlikely. Genetics can, however, provide risk stratification
and identify high-risk newborns, which can alert clinicians and
help ensure early clinical diagnosis. While absolute risk assessment
may be difficult, certain high-risk factors have been identified. For
example, a child of a parent with long-segment HSCR has about
a 20% risk of disease [11]. Badner et al. determined risk in sib-
lings based on the sex of the proband and of the future child and
the length of aganglionosis [26]. The highest risk was 33% and oc-
curred in male siblings of affected females with long-segment dis-
ease. The majority of HSCR cases, however, are sporadic and not
associated with a family history. Tilghman et al. recently showed
that HSCR stems from common noncoding variants, rare coding
sequence variants, and copy number variants affecting genes in-
volved in ENS development, especially in the RET protein regula-
tory network [27]. One of these three genetic features was present
in 72% of HSCR patients. Interestingly, individuals with none of
these causal factors have a 1 in 18,800 risk of disease, while those
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Fig. 1. Strategy for cell therapy for enteric neural disorders. Donor cells can be harvested from fetal or postnatal tissue, with potential cell sources including ESCs, iPSCs,
CNS-NSCs, ENCDCs, or other novel sources such as SKPs, amniotic fluid-derived stem cells, and hDPSCs. Cells are expanded in culture, with the option of performing genetic
modification and/or cell sorting prior to transplantation into the affected segment of the GI tract. Each cell source has potential ethical barriers, tumor risk, immunogenicity,
lineage potential, and proliferation capacity, as summarized above. For example, ESCs have the advantage of pluripotency and a robust proliferation capacity but present
ethical, tumorigenic, and immunogenicity challenges. iPSCs show similar tumor risk and proliferation capacity as ESCs, but if derived autologously, the immunogenic risk
is avoided. CNS-NSCs have potential advantages but cannot be derived autologously, whereas autologous ENCDCs have high lineage determination given their neuronal
commitment, lower proliferation capacity than ESCs and iPSCs, and low tumorigenicity and immunogenicity.

with all three factors have a 1 in 120 risk. While genetics cannot
yet provide a definitive prenatal diagnosis, and will not replace rec-
tal biopsy postnatally, it can provide valuable risk stratification that
can help raise a clinician’s level of suspicion and their decision on
whether to pursue definitive testing. A child with high genetic and
familial risk, even in the absence of clear clinical symptoms as a
neonate, may thus merit a rectal biopsy to avoid a delay in diag-
nosis and the risks inherent in that.

3. Stem cell therapy for HSCR

Over the past twenty years, significant progress has been made
in the pursuit of cell replacement therapies for several human
diseases, including neurodegenerative disorders [28]. Growing ev-
idence has shown the feasibility of delivering enteric neural pro-
genitor cells to ameliorate GI dysmotility in rodent models of en-
teric neuropathies [29,30], including HSCR [31]. In this section, we
discuss recent progress with stem cell-based therapy for the treat-
ment of HSCR and provide our perspective on how this therapy can
be utilized in the management of this disease (Fig. 1).

3.1. Sources of stem cells

3.1.1. Enteric neural crest-derived cells (ENCDCs)

The cells that comprise the ENS are derived from the neu-
ral crest and are referred to as enteric neural crest-derived cells
(ENCDCs). During development, these cells are instructed to mi-
grate, proliferate, and differentiate into neurons and glia along the
entire Gl tract in response to multiple signaling pathways [32].
ENCDCs isolated from laboratory animals have been widely ac-
cepted as a useful tool to study the development of the ENS and as

a potential cell source for regenerative therapy for HSCR. In one of
the earliest studies on cell-based therapy for this disease, Natara-
jan et al. demonstrated in 1999 the potential use of embryonic
mouse gut-derived ENCDCs for the treatment of HSCR by trans-
planting them to embryonic aganglionic hindgut explants obtained
from Ret~/~ mice, a model of HSCR [33]. Subsequently, several in-
vestigators successfully isolated ENCDCs from embryonic and post-
natal rodent gut [34-36] and demonstrated their survival up to
24 months following transplantation in mouse colon in vivo [37].
ENCDCs give rise to functioning neurons [38,39] that integrate into
the neuronal circuitry of the host ENS in vivo [40]. Importantly,
ENCDC transplantation was recently shown to ameliorate the de-
creased colonic motility seen in neuronal nitric oxide synthase
(nNOS)-null mice four weeks after surgery [29].

ENCDCs can be isolated from the ganglionated human intestine
[41-44], mucosal biopsy samples [45], and even from aganglionic
distal colon resected from patients with HSCR [46]. These cells
can migrate and differentiate into neurons and glial cells follow-
ing transplantation to ganglionated mouse colon in vivo [47]. Al-
though these results support the feasibility of isolating donor cells
from human patients with HSCR, the reduced capacity of postnatal
ENCDCs to proliferate and differentiate has been a limiting factor
[36]. Therefore, manipulation of donor HSCR-derived ENCDCs prior
to transplantation is required to optimize their therapeutic poten-
tial and this can be achieved by growing them in appropriate cul-
ture conditions supplemented with growth factors that maximize
the number of undifferentiated progenitor cells [48].

3.1.2. Pluripotent stem cells (PSCs)
Pluripotent stem cells (PSCs), including human embryonic stem
cells (ESCs) and induced pluripotent stem cells (iPSCs), have a ca-
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pacity to self-renew indefinitely and to develop into the three
germ layers of the embryo. These characteristics grant them an
enormous advantage in the field of regenerative medicine. Several
protocols have been established for the efficient derivation of spe-
cialized neural cell types [49,50], including enteric neurons via in-
duction of a neural crest lineage from PSCs [51,52]. Fattahi et al.
described an efficient strategy to derive ENS lineages from human
PSCs (hPSCs) via induction to neural crest cells and purification
following specification [31]. Subsequent validation of these cells
demonstrated functional integration into neuromuscular circuitry
with the expression of a wide range of neurochemical subtypes in
vitro. Importantly, these cells were able to rescue disease-related
mortality in HSCR mice (EDNRBS/s1) following transplantation of
PSC-derived ENS progenitor cells to the colon in vivo [31]. This
work had a significant impact in demonstrating the potential util-
ity of hPSCs for the treatment of enteric neuropathies, although it
remains unclear how the transplanted cells were able to improve
survival in these mice, whether it was by improving gut motility,
reducing HAEC risk, or another mechamism.

A beneficial characteristic of iPSCs is that they can be gener-
ated from terminally differentiated cell types and therefore can be
autologously derived. This is advantageous because they could by-
pass the ethical and immunological considerations associated with
embryonic stem cells. Furthermore, genetic mutations in patient-
derived stem cells can be corrected. Lai et al. established iPSCs
from patients with HSCR due to a mutation in the RET gene [53].
Enteric neural crest cells generated from these iPSCs exhibited de-
fects in migration and neuronal differentiation in vitro, but these
were functionally restored with CRISPR/Cas9 gene-editing technol-
ogy. In another recent study, Li et al. showed that hPSCs could effi-
ciently generate functional enteric-like neurons [54]. When trans-
planted into chicken, rodent, or human aganglionic gut tissues,
hPSCs-derived neural crest cells were able to migrate and undergo
neural differentiation. These results indicate that hPSCs represent a
potential autologous source for cell-based therapy. However, long-
term outcomes, particularly the risks of tumor formation and graft-
related immune effects after transplant, need to be addressed.

3.1.3. Central nervous system-derived neural stem cells (CNS-NSCs)

In 1992, Reynolds and Weiss succeeded for the first time in iso-
lating neural stem cells from rodent brain and expanding them in
culture [55]. This discovery provided strong evidence that adult tis-
sue contains undifferentiated cells that may contribute to replen-
ishing dying or damaged cells, even in the brain, an organ long
considered to have limited or no regenerative ability. CNS-NSCs
were among the first cell types tested for ENS therapy. Micci et al.
showed that these cells predominantly gave rise to neuronal nNOS
expressing neurons, which resulted in electric field stimulation-
induced gut relaxation [30]. When CNS-NSCs were transplanted to
the pylorus of the nNOS-null mouse, a model of gastroparesis, they
led to an improvement in gastric emptying one week later. These
authors also demonstrated improved cell survival following trans-
plantation by inhibiting apoptosis in the donor cells [30]. However,
very little progress has been achieved using CNS-NSC to treat GI
disorders over the last 10 years, largely because of their limited
potential for clinical application. To generate CNS-NSCs to treat hu-
man diseases, brain tissue would need to be harvested from hu-
man embryos, raising ethical concerns. Moreover, since CNS-NSCs
cannot be autologously derived, immunological challenges would
be unavoidable.

3.1.4. Other cell sources

It is well known that cells from the neural crest migrate ex-
tensively during development and widely distribute throughout
the body. The skin contains progenitor cells derived from neu-
ral crest and possessing neurogenic potential in vitro. These skin-

derived precursors (SKPs) have been successfully isolated from ro-
dents [56], swine [57], and humans [58]. A recent in vivo study
reported human SKPs successfully engrafting one week following
transplantation to the colon of swine in vivo. Interestingly, autolo-
gously derived SKPs have been transplanted to aganglionic porcine
bowel generated by treatment with the detergent, benzalkonium
chloride (BAC), in vivo. Thomas et al. observed neuroglial differen-
tiation of autologous SKPs within the aganglionic gut environment
seven days after transplantation [57]. This is the first demonstra-
tion to suggest the feasibility of autologous cell therapy to treat
aganglionosis in vivo, but further investigation is warranted to ad-
dress cell survival and differentiation in the long-term.

The ability of amniotic fluid-derived stem cells to differentiate
into various lineages has made them powerful tools for regenera-
tive medicine. Zhou and Besner demonstrated that amniotic fluid-
derived cells could be induced into NSCs in vitro [59]. They also
observed that colonic motility of Ednrb KO mice was improved one
week after transplantation of these cells, although cell survival be-
yond one week within the aganglionic colon in vivo was not ob-
served.

During the last decade, dental pulp stem cells (DPSCs) have
received extensive attention in regenerative medicine. DPSCs re-
side within the perivascular niche of the dental pulp. They origi-
nate from neural crest cells [60] and possess mesenchymal stem
cell properties [61]. DPSCs have been isolated from mouse and
human and possess the ability to differentiate into various neu-
ral cell types [62,63]. Arthur et al. showed that exposure of DP-
SCs to the appropriate environmental cues is required for them to
differentiate into functionally active neurons [64]. These cells, for
example, acquire a neuronal immunophenotype following trans-
plantation into the brain of chicken embryos. Human DPSCs have
been transplanted into the rodent model of spinal cord injury and
showed marked recovery of hindlimb locomotor function [65] by
inhibiting multiple axonal growth inhibitors via paracrine mecha-
nisms. These studies suggest that neural crest-derived DPSCs can
be a potential cell source for cell-based therapy to treat HSCR.
However, there are no published studies yet showing DPSCs can
give rise to enteric neurons following transplantation to the gut
wall or their ability to elicit functional improvement in GI motility.

3.2. Challenges to overcome before clinical application

As discussed above, several promising studies show significant
advances in the feasibility and therapeutic potential of cell-based
approaches to treat HSCR. However, there are several unresolved
challenges that need to be addressed before clinical application.
These critical hurdles, and approaches to addressing them, are dis-
cussed below.

3.2.1. Is administration of enteric neural progenitor cells sufficient to
treat HSCR?

Treating HSCR by cell replacement relies on the idea that HSCR
is a developmental disorder due to a deficit of neural crest-derived
cells without significant alteration in other cell types. However, the
evidence suggests that abnormalities in HSCR extend beyond the
ENS, including interstitial cells of Cajal (ICCs) [66], smooth mus-
cle [67], epithelial and immune function [68,69], and altered mi-
crobiome [70]. Although the underlying mechanisms are not fully
understood, these studies raise the possibility that delivering neu-
ral progenitor cells to replace the missing ENS may not be enough
to restore gut function fully in HSCR. However, two recent stud-
ies showed that transplanting ENS progenitors restored architec-
tural changes in the aganglionic colon [71] and also reversed the
reduction in the number of ICCs seen in nNOS-deficient mice [29].
These findings demonstrate the interplay between cells of the ENS
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and neighboring cells in the gut, but whether any of the HSCR-
associated abnormalities outside of the ENS will remain problem-
atic following ENCDC transplantation remains unknown. For exam-
ple, if epithelial and immune function are not normalized after cell
therapy, the patient may remain susceptible to HAEC. Current stud-
ies need to examine the effects of cell transplantation on these
other aspects of gut function in addition to intestinal motility.

3.2.2. Will autologous ENCDCs from HSCR patients work?

Autologous ENCDCs represent a promising cell source for HSCR
patients. However, it remains unclear whether these cells need to
be genetically modified to correct their underlying mutation prior
to transplantation. Characterizing their neurogenic, mitogenic, and
migratory potential is essential to develop autologous cell therapy
as a viable approach. We and others have shown that ENCDCs iso-
lated from Ednrb-deficient mice and therefore lacking the Ednrb
gene possess an equivalent ability to migrate and differentiate into
neurons as ENCDCs isolated from wild-type mice [72,73]. However,
as mentioned above, Lai et al. showed defects in migration and
neuronal differentiation in ENCDCs from iPSCs established from pa-
tients with HSCR associated with RET mutations, and were able to
rescue these deficits in vitro using CRISPR/Cas9 to correct the mu-
tation [53]. While correcting an underlying mutation prior to iso-
lating cells for transplant is appealing, the fact is that the major-
ity of HSCR cases are not associated with coding sequence muta-
tions, but rather with noncoding variants, copy number variation,
and other genetic and/or environmental factors, limiting the po-
tential utility of gene editing. Moreover, most cases of HSCR are
short-segment, meaning that the neural crest cells were able to
form an ENS in > 95% of the length of the bowel despite an un-
derlying genetic abnormality. Thus, following massive expansion of
autologous-derived cells in vitro, we believe they would be capable
of forming an ENS in the residual aganglionic segment.

3.2.3. Is the postnatal aganglionic gut environment permissive for
transplanted neural progenitors?

During development, neural crest cells migrate in an embry-
onic mesenchymal environment that promotes their development
by secreting neurotrophic factors, such as Gdnf [74], and providing
a supportive extracellular matrix [75]. Therefore, HSCR gut mes-
enchyme may lack important factors required for the survival and
maintenance of enteric neural progenitors. Furthermore, the post-
natal gut environment is markedly distinct from its embryonic
state, raising concern that the postnatal aganglionic environment
could present a barrier to transplanted progenitor cells [76]. De-
spite this, exogenous ENCDCs have been shown to survive up to 24
months and to differentiate into neurons following transplantation
into postnatal ganglionic mouse colon, where they proliferate, mi-
grate extensively, and differentiate into cells with the neurochem-
ical, morphological, and electrophysiological characteristics of en-
teric neurons, including making synaptic connections [29,37,38,40].
However, it remains unknown if ENS progenitors can similarly en-
graft and mature in the postnatal aganglionic environment in vivo.
This is largely due to the lack of an appropriate animal model of
colonic aganglionosis, especially since transgenic aganglionic mice
are lethal early in life, preventing examination of long-term out-
comes after cell therapy. Recently, we developed a novel model
of aganglionosis in which enteric neural crest-derived cells express
diphtheria toxin (DT) receptor [71]. Local injection of DT into the
colonic wall leads to focal aganglionosis that persists for several
months and is non-lethal, allowing long-term analysis of the fate
of ENCDCs transplanted into the aganglionic colon segment. ENCDC
transplantation into this experimentally induced aganglionic colon
led to neuroglial engraftment, migration, and differentiation, as
well as restoration of normal structure to the colonic epithelium

and muscle layers, suggesting that transplanted progenitors can
survive and function in the aganglionic environment.

3.2.4. Can sufficient numbers of enteric neural progenitor cells be
generated for transplantation?

It is known that tissue-derived adult stem cells are a rare cell
population, which creates a challenge if autologous gut-derived
ENCDCs are the donor cell of choice. Fox example, Kruger et al. ob-
served that the frequency of enteric neural crest stem cells in the
gut wall declines with the age of animals, dropping from 0.5-1%
in young postnatal (P5-22) mice to only 0.2% in adult (P65-110)
mice [36]. Similar observations were made using Wnt1::Cre;R26R-
YFP mice, in which neural crest-derived cells express fluorescent
protein YFP, showing that only 1.2% of cells obtained from the
intestinal muscular layer are YFP* in postnatal mice (postnatal
day 8), whereas the frequency in the embryonic gut (embryonic
days 12-15) is over 7% [77]. Furthermore, many investigators have
shown that postnatal gut derived ENCDCs grow more slowly than
embryonic ENCCs, and their potential to differentiate and migrate
decrease significantly [78]. These characteristics raise concern re-
garding whether adequate numbers of donor progenitor cells can
be obtained from postnatal gut tissue.

To overcome this concern, several studies have been carried
out to optimize culture conditions to maximize the number of
ENCDCs. McKeown et al. showed that GDNF treatment resulted
in a 12-fold increase in the number of ENCDCs grown in culture,
and that low oxygen conditions stimulate proliferation of neural
crest cells, resulting in a > 2-fold increase in the proportion of
p75* cells in postnatal mouse gut-derived neurospheres [79,80].
Similar beneficial effects have also been reported with addition of
other factors, including 5-HT,4 [81], retinoic acid [82], endothelin-3
[83], glycogen synthase kinase 3 inhibitor [41], and granulocyte-
colony-stimulating factor (GCSF) [84]. Multiple signaling pathways
are involved in the expansion of the ENCDCs in culture, and syn-
ergistic effects among them have been shown [83,85]. We re-
cently observed that the population of non-neural crest-derived
cells present within the gut environment secrete factors that sup-
port ENCDCs in culture [86], further highlighting the need to char-
acterize the signals that promote the growth of ENCDCs and lever-
age these for in vitro expansion of these cells.

When it comes to generating sufficient cell numbers, PSCs have
a significant advantage since they proliferate indefinitely. However,
PSCs cannot be transplanted in their pluripotent state due to the
risk of tumor formation. Instead, PSCs are induced to the specific
cell type needed before transplantation, such as enteric neurons
via neural crest induction. Although protocols have been optimized
for their induction and differentiation, PSCs still require a com-
plex set of sequential exposures to specific signaling molecules in a
time-sensitive manner that takes more than a month before gener-
ating enteric neurons [31,87,88]. Recent studies used RNA sequenc-
ing to understand the transcriptional regulation during commit-
ment of PSCs to specific cell types via common progenitor cells.
These data sets could be an important platform for optimizing the
proliferation and differentiation potential of the neural crest lin-
eage by modifying mitogenic and differentiation cues [89,90].

3.3. Other potential approaches for treating neurointestinal diseases

3.3.1. Tissue-engineered small intestine (TESI)

As discussed above, there have been a number of published ar-
ticles demonstrating the potential of cell-based therapy to treat
HSCR, but there remain challenges to overcome. In this section,
we discuss alternative regenerative approaches that may circum-
vent these hurdles.

Tissue-engineered small intestine (TESI) was first generated
from organoid units derived from dissociated rat small intestines
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containing epithelial and mesenchymal cell types [91]. Organoid
units were seeded on a tubular biodegradable scaffold, then grown
under the renal capsule or implanted into the omentum of a host
animal to form TESI for 4 to 6 weeks [92]. The resulting engineered
intestine was morphologically similar to the native intestine, with
muscle layers containing all key differentiated cell types, including
enterocytes, enteroendocrine cells, Paneth cells, goblet cells, neu-
rons, and glia [93]. This work has been extended to large animals
and yielded successful engraftment in an autologous porcine model
[94] and a xenograft model using human postnatal intestine de-
rived TESI [95]. In rats, transplantation of TESI helped maintain
the body weight of host animals and improved serum level of vi-
tamin B12 following massive small bowel resection [92], suggest-
ing that the regenerated epithelial components can absorb nutri-
ents. More recent success in intestinal regeneration using organoid
units have demonstrated functional recapitulation of contractility
[96] and immune function [97]. Although TESI offers the possibility
of generating autologous tissue of normal architecture and func-
tion to treat intestinal disorders, including HSCR, the process still
needs optimization to generate adequate amounts of functional tis-
sue rather than only small amounts of closed, cystic structures.

3.3.2. Human intestinal organoids (HIO)

Three-dimensional intestinal organoids have been generated
from mouse [98,99] and human PSCs [88,100,101]. Early studies
showed that, in the proper conditions, PSCs spontaneously differ-
entiate and develop into intestinal organoids containing most of
the cell types of the intestine except for the ENS [99,100]. Subse-
quent efforts led to the introduction of ENS components into hu-
man intestinal organoids (HIOs) by co-culturing HIOs with ENCDCs
derived from PSCs [31] before their implantation under the renal
capsule [101].

Workman et al. showed that ENS derived from PSCs via induc-
tion of enteric neural crest cells was able to integrate into the
intestinal smooth muscle and promote nitric oxide-dependent re-
laxation, suggesting the formation of a functional neural circuitry
[88]. Furthermore, Schlieve et al. demonstrated various neuronal
subtypes and glia forming in the submucosal and myenteric lay-
ers of HIO-derived TESI [101]. Additionally, the contractility of HIO-
TESI was shown under specific conditions. HIOs may represent a
promising mechanism to replace abnormal intestinal tissue with
a mature and functional tissue-engineered gut. Furthermore, HIOs
provide a unique and valuable in vitro platform for drug screen-
ing to study the development of the ENS and the pathogenesis of
HSCR. However, the small size and cystic shape of HIOs are ongo-
ing challenges in need of optimization.

4. Conclusion and perspective

HSCR continues to represent a significant clinical challenge to
neonatologists, geneticists, surgeons, and gastroenterologists. While
we have made significant progress in its diagnosis and manage-
ment over the past several decades, opportunities exist to improve
the long-term outcomes of children with this disease. First, early
and accurate diagnosis is essential to avoid missing cases that
present later with failure to thrive, profound obstipation, or life-
threatening enterocolitis. Leveraging improvements in histopatho-
logic techniques, advancements in genetics, and new developments
in optical imaging will allow us to achieve a prompt and accurate
diagnosis in the vast majority of cases. Second, we need to de-
fine what we consider “normoganglionic” bowel since the simple
presence of ganglion cells on H&E stain is not sufficient to ensure
a normal density of ganglion cells and a normal ratio of excita-
tory and inhibitory neuronal subtypes. Acquiring normative data
on healthy bowel at different ages and from different segments of
the lower intestinal tract will be a key step toward refining our

pathologic assessment of the transition zone. Finally, the surgical
treatment of HSCR has not changed significantly over the past 70
years and remains based on removal of the aganglionic segment.
While this is clearly problematic for infants with total intestinal
aganglionosis, it is also suboptimal for all patients with HSCR, as it
always requires removal of the rectum, which plays an important
role in the maintenance of fecal continence. One scenario for the
use of stem cell-based therapy is to repopulate the rectum with
an enteric nervous system and thereby avoid a proctectomy at the
time of surgery. Or, with further advances in cell therapy research,
perhaps reinnervating the entire aganglionic segment, regardless of
its length, will be feasible. New diagnostic tools are on the horizon
and cell-based therapies may soon offer a novel treatment, but on-
going collaboration between fundamental scientists and pediatric
surgeons is essential to bring these innovations to the bedside.
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