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Abstract

current treatment interventions.

Background: MNGIE is a rare and fatal disease in which absence of the enzyme thymidine phosphorylase induces
systemic accumulation of thymidine and deoxyuridine and secondary mitochondrial DNA alterations.
Gastrointestinal (GI) symptoms are frequently reported in MNGIE patients, however, they are not resolved with the

Recently, our understanding of the Gl pathology has increased, which rationalizes the pursuit of more targeted
therapeutic strategies. In particular, interstitial cells of Cajal (ICC) play key roles in Gl physiology and are involved in
the pathogenesis of the Gl dysmotility. However, understanding of the triggers of ICC deficits in MNGIE is lacking.
Herein, we review the current knowledge about the pathology of GI dysmotility in MNGIE, discuss potential
mechanisms in relation to ICC loss/dysfunction, remark on the limited contribution of the current treatments, and
propose intervention strategies to overcome ICC deficits. Finally, we address the advances and new research
avenues offered by organoids and tissue engineering technologies, and propose schemes to implement to further
our understanding of the Gl pathology and utility in regenerative and personalized medicine in MNGIE.

Conclusion: Interstitial cells of Cajal play key roles in the physiology of the gastrointestinal motility. Evaluation of
their status in the Gl dysmotility related to MNGIE would be valuable for diagnosis of MNGIE. Understanding the
underlying pathological and molecular mechanisms affecting ICC is an asset for the development of targeted
prevention and treatment strategies for the Gl dysmotility related to MNGIE.

Keywords: MNGIE, Mitochondrial neurogastrointestinal encephalomyopathy, Chronic intestinal pseudo-obstruction,
CIPO, Interstitial cells of Cajal, ICC, HSCT, Intestinal organoids

Background
Mitochondrial neurogastrointestinal encephalomyopathy
(MNGIE) is a rare metabolic disease.

More than 120 MNGIE cases were reported [1]. MNGIE
is caused by mutations in the nuclear gene TYMP [2], and
is inherited in an autosomal recessive manner. A variety of
pathogenic mutations in TYMP have been reported that
are responsible for the detrimental lack of thymidine
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phosphorylase enzyme activity [3]. Lack of thymidine
phosphorylase enzyme activity causes the systemic accu-
mulation of the substrates pyrimidine deoxyribonucleo-
sides, thymidine (dThd) and deoxyuridine (dUrd) [4],
which disturbs deoxyribonucleoside triphosphates (ANTPs)
pools [5]. Consequently, alterations in mitochondrial DNA
(mtDNA) stability occur [6, 7].

Ethnic predisposition for MNGIE is not observed,
however, certain TYMP mutations were reported preva-
lent in specific locations, for example, c.866A > G in Eur-
ope [8].

Clinical variability has been reported among MNGIE
patients. For example, some patients present with mild
clinical involvement of the gastrointestinal tract despite

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13023-019-1016-6&domain=pdf
http://orcid.org/0000-0001-8383-5561
mailto:rana.yadak@gmail.com
mailto:m.bugiani@vumc.nl
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Yadak et al. Orphanet Journal of Rare Diseases (2019) 14:33

the presence of mutations in TYMP and marked reduc-
tion in TP activity [9]. Clinical variability also occurs be-
tween members of the same MNGIE family [10, 11].
Altogether, these data suggest that environmental factors
(e.g. diet, life style, medicine history) might contribute to
the manifestations of MNGIE. However, so far, no direct
evidence has been reported in this regard. Furthermore,
the shift of the gut microbiota might be involved in the
manifestation or aggregation of the gastrointestinal (GI)
dysmotility in MNGIE. Similar association has been ad-
dressed in other gastrointestinal motility disorders includ-
ing inflammatory bowel disease [12], irritable bowel
syndrome [13], and celiac disease [14]. Generally, MNGIE
patients exhibit intestinal bacterial overgrowth [1]. The
mitochondrial abnormalities observed in MNGIE perhaps
contribute to this disturbed microbiota homeostasis. In this
regard, one study shows that mitochondrial dysfunction
(reflected by respiratory chain deficiency) detected in the
colon of PolgA™/™** mice model of aging, is associated
with changes in their gut microbiota homeostasis [15].

MNGIE is frequently associated with chronic intestinal
pseudo-obstruction (CIPO), a syndrome of intestinal ob-
struction symptoms without the presence of an anatom-
ical or mechanical obstruction, that eventually leads to
severe gut motility failure [16]. Symptomatic manage-
ment of CIPO includes the use of prokinetic agents to
relieve dysmotility symptoms, and antinociception drugs
or splanchnic nerve blockage to control abdominal pain
[17]. The pathophysiology of CIPO involves inability of
peristalsis and propulsion of intestinal contents as a re-
sult of disturbed neuro-muscular coordination due to
myopathic (affects the intestinal contraction), neuro-
pathic (affects the coordination of enteric reflexes) [16,
18], or mesenchymopathies related to abnormalities of
the interstitial cells of Cajal (ICC) [19].

Allogenic hematopoietic stem cell transplantation
(HSCT), is currently the available treatment for MNGIE
[20]. In most cases, CIPO- related malnutrition persists
hence parenteral nutrition is required [21]. Gastrointes-
tinal complications are the main mortality factor in
MNGIE patients and the least treatable with the cur-
rently available therapies. The limited benefits of the
current treatments aiming to relieve the GI symptoms
relate to the inadequate understanding of the molecular
mechanisms underlining the GI dysmotility in MNGIE.
In this article, we provide an overview of the current
knowledge of the GI dysmotility in MNGIE, with a par-
ticular focus on ICC due to their central physiological role
in GI motor activity, and the growing evidence supporting
their role in etiology of GI dysmotility in multiple patholo-
gies [22]. We summarize the current knowledge about
ICC development, function, and roles in GI dysmotility,
and discuss molecular mechanisms in which multiple
factors probably attribute to development of ICC
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abnormalities. Finally, we discuss the currently available
treatments, potential future prevention and therapeutic
strategies, to address the GI dysmotility in MNGIE
patients.

Pathological aspects of Gl dysmotility in MNGIE

Most of the knowledge about the GI dysmotility in
MNGIE is inferred from the pathological evaluation of in-
testinal tissues. MNGIE patients often reveal visceral my-
opathy, mainly atrophy and fibrosis of the external layer of
the muscularis propria of the small intestine [23-28], and
neurogenic changes that involve the myenteric plexus and
ganglion cells [24—26, 29] (Table 1). Changes in mitochon-
drial morphology were also reported, including abnor-
mally shaped and large mitochondria in the smooth
muscle cells (SMCs) of the small intestine, and ganglion
cells of the entire GI tract [24, 27, 29]. Molecular investi-
gation revealed mtDNA depletion in five MNGIE patients,
selectively in the muscularis propria external layer of the
small intestine, which also displayed atrophy and fibrosis,
establishing a link between abnormal mitochondrial DNA
genetics and visceral myopathy [30, 28]. Additional to vis-
ceral myogenic and neurogenic changes, ICC and ICC
networks were reported absent in MNGIE [31], and due
to their vital roles in GI physiology, they represent valu-
able targets for prevention and treatment of GI dysmoti-
lity as discussed below.

Interstitial cells of Cajal (ICC)

Development and function

ICC and longitudinal smooth muscle cells share a com-
mon embryonic origin [32, 33]. During embryonic devel-
opment, the mesenchymal progenitors express the
receptor tyrosine kinase c-Kit and smooth muscle my-
osin heavy chain [34]. Upon stimulation by stem cell fac-
tor (SCF), these precursors would normally turn into
interstitial cells in the myenteric region (ICCyyy), other-
wise, they develop into the longitudinal smooth muscle
layers of the mammalian small intestine [35]. Blocking
c-Kit signaling hinders the development of the ICC net-
work, probably by transdifferentiation of ICCyy into a
smooth muscle cell-like phenotype [36].

SCF/c-Kit signaling pathway is also important to main-
tain the function of ICC. This was demonstrated by dis-
turbance of normal GI motility through selective loss of
ICC with cessation of the slow waves and significant re-
duction of neurotransmission in the mouse bowels upon
blockage of the c-Kit receptor by neutralizing Kit anti-
bodies [37, 38]. Indeed, a strong in vivo evidence for the
role of SCF/c-Kit signaling for development of ICC net-
works, and the physiological role of ICC as pacemakers
of the gut, is provided by generation of the kit and steel
factor (c-Kit ligand) mutant mice. Blocking of the SCF/
c-Kit signaling in kit mutant mice diminished the
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Table 1 Summary of microscopic features in the gut of MNGIE cases
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Study Gender, age (years)/ Myogenic/ Neurogenic Histopathology Remarks
total body weight (kg)
Bardosi A, Female, 42, 40 Fibrosis of SI submucosa and subserosa, -
et al. [23] hypertrophy of the tunica MM
Perez-Atayde AR, -Female, 14, — Atrophy and fibrosis of the smooth These studies suggest that noninvasive rectal
et al. [24, 25] -Male, 14, — muscle EL of MP, residual smooth biopsy can contribute to the diagnosis of MNGIE
muscle myocytes show cytoplasmic in additional to the standard diagnostic criteria
vacuoles, cytoplasmic eosinophilic [108]. Abnormal intestinal mitochondrial
inclusions (megamitochondria) morphology/ genetics/ function as diagnostic
observed by light microscopy in markers for MNGIE.
smooth muscle myocytes of MM and
MP of the esophagus and SI
and ganglion cells of the entire Gl
Teitelbaum JE, -Female, 14, 23 Focal muscle absence, serosal granulomas, -
et al. [29] fibrosis, megamitochondria in SMCs of
the MM (rectal suction biopsy), focal
loss of Auerbach'’s plexus,
megamitochondria in ganglion cells of
the MM (rectal suction biopsy)
Szigeti K, -Male, 17, — Atrophy of longitudinal EL of MP, -
et al. [26] hypertrophy of the inner circular smooth
muscle bundles of the MP, swollen SMCs
with pale cytoplasm, enlarged nerve
cells, ganglion cells were infrequent
Blondon H, -Female, 26, 39 Atrophy and fibrosis of the EL of MP -
et al. [27] -Female, 30, 28 and vacuolated SMCs, hypertrophy of
-Male, 22, 43 the inner layer of the MP, bundance of
abnormally shaped megamitochondria
with lipid droplets (EM) in MP smooth
muscle myocytes (Sl and gallbladder)
Giordano C, 5 cases, summarized in  Chronic inflammation (mucosa), edema - Low levels of mtDNA point mutations in myocytes,
et al. [28, 30] reference [18] (submucosa), preserved inner layer of MP, nerve fibers and ganglia of the myenteric plexus.
atrophy and interstitial fibrosis limited to - No mtDNA deletions in SI.
the smooth SMCs of the longitudinal EL - Mitochondrial proliferation and mtDNA depletion
of MP (stomach and more pronounced limited to the EL of the MP of the entire GI.
in SI), pyconic nuclei and cytoplasmic - mtDNA depletion correlates with the atrophy
microvaculation in the smooth muscle and interstitial fibrosis
cells of the EL (SI), vacuolated - Baseline mtDNA levels are low in MP smooth
cytoplasm filled with swollen muscles of SI of a normal subject, predisposing
mitochondria and lipids (EM) the SI smooth muscles to nucleoside imbalances
and selective SI myopathy in MNGIE patients.
Zimmer V, - Female, 35, 31 Absence of the normally abundant - Absence of ICC can be an early event of Gl
etal. [31] cKit-positive ICC around the myenteric dysmotility preceding myo/neurogenic
plexus, in intermuscular septa and within morphological changes.
muscular plexus - Absence of ICC can be due to cell death,
transdifferentiation into smooth muscle
phenotype or their loss can be a secondary
event due to mitochondrial energy failure.

- Dysfunctional ICC networks account for
disturbed pacemaker activity and interfere
with neurotransmission.

Yadak R, et al. 3 cases summarized in Fibrosis and atrophy of the external layer of the  Intestinal muscle wall atrophy and complete

[71]

reference [61]

tunica muscularis propria,

ICCs were completely lost in all MNGIE patients

loss of Cajal cells in treated patients were not
recovered after HSCT.

EL external layer, EM electron microscopy, G/ gastrointestinal, HSCT hematopoietic stem cell transplantation, /CC interstitial cells of Cajal, MM muscularis mucosae,
MP muscularis propria, S/ small intestine, SMCs small muscle cells

number of ICCyy in the Auerbach’s myenteric plexus and
the slow waves and propulsive contractile activity [39, 40].
Signs of impaired growth rate are reported in adult steel
factor mutant mice, probably related to attenuated segmen-
tation motility necessary for absorption of nutrients [41]. In

addition to their contribution to peristalsis which facilitates
propulsion of intestinal contents, and small intestine seg-
mentation which facilitates absorption of nutrients [32],
ICC play a role in mediating motor neurotransmission be-
tween smooth muscles and motor neurons [42].
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Anatomical location and markers

Interstitial Cajal-like cells are located in multiple organs
outside the GI tract, including the pancreas, placenta,
and the female reproductive tract [43]. In the GI tract,
ICC are localized at different levels including the
esophagus, stomach, pancreas and large intestine [44].
In the small intestine, ICC are associated with the two
nerve plexuses, mainly within the intermuscular space
between the two muscle layers in the Auerbach’s my-
enteric plexus (ICCypy) or within the deep muscular
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plexus region between the circular thin and thick muscle
layers (ICCppp). ICC pyp occur only in the small intes-
tine [45] (Fig. 1). While ICCyy generate and propagate
electric rhythmicity, ICCpyp are associated with the
nerve bundles of the deep muscular plexus and mediate
neuronal inputs [46]. Intramuscular ICC in the circular
or the longitudinal layers (ICCpyy) are also found in other
parts of the GI tract and mediate motor neuronal input.
Subserosal ICC (ICCgg) are found in the small intestine
and colon. ICC around the submucosa of the pylorus

A Small intestinal wall (Healthy)

Mucosa

B Small intestinal wall (MNGIE)

Submucosa |:

(ICCoue)

Circular muscle (ICC,,)
Myenteric plexus (ICC,,)
Longitudinal muscle (ICC,,)
Serosa and Subserosa[ (ICCq)

Muscularis
propria

¢ Diagnosis

¢ Treatment (ICC networks):
MSCs infusion with HSCs grafts
ICCs survival factors
Transplantation of ICC progenitor/
stem cells

* Prognosis

« hPSCs and intestinal organoids:
Model disease development

Development
Differentiation
Proliferation
Survival/antiapoptosis

Migration

“mtDNA

muscle cell

Personalized medicine

¢ Prevention (ICC networks):
HSCT/ Gene therapy/ ERT/ OLT
Target SCF/ c-kit signaling pathway

Fig. 1 Pathogenesis of altered ICC networks in MNGIE, prevention and treatment prospects. a Representation of the anatomical localization of the
subtypes of interstitial cells of Cajal (ICC) in the human small intestine (SI). The specific types of ICC are indicated in parenthesis. Depicted are the ICCyy
(blue), prominent and associated with the ganglia of the myenteric plexus region. ICCyy are the primary pacemaker cells in the small intestine,
responsible for generation and propagation of electrical slow waves and are rich with mitochondria [59]. b ICC/ ICC networks are compromised in
MNGIE. ICC/ ICC networks are disturbed and ICCyy are depleted in MNGIE patients. Dysfunction of ICC networks is thought to precede the myo/
neurogenic morphological changes [31], mainly atrophy and fibrosis of the longitudinal muscle external layer of muscularis propria (depicted).
Additionally to typical symptoms and biochemical parameters, at this stage, gastrointestinal biopsies could serve to confirm diagnose of MNGIE as well
as to evaluate the status of ICC networks prior to treatment to predict the therapeutic outcome on Gl manifestations and monitor the impact of
treatment on the restoration of ICC networks (prognosis). This is made feasible by routine histology of the gastrointestinal biopsies [24]. ¢, d Proposed
molecular mechanisms responsible for impaired ICC networks in MNGIE. ¢ SCF/cKit signaling pathway is necessary for development, proliferation,
maintenance of ICC/ ICC function, and voltage-sensitive ion channels (VSICs) are necessary for generation and propagation of electrical slow waves
and motor activity of ICC. d In MNGIE, however, loss of ICC/ICC networks and dysfunctional ICC might be a secondary event due to altered thymidine
(dThd) and deoxyuridine (dUrd) levels that leads to (1) mitochondrial DNA (mtDNA) instability, mitochondrial energy failure, interference with
mitochondrial-mediated Ca?* cycling [61] and cells death (mtDNA depletion is also reported in the smooth muscle cells of the longitudinal muscle
external layer of muscularis propria [28]). In addition, unbalanced nucleosides might attribute to (2) Blocking of SCF/c-Kit signaling, which hinders the
development, proliferation and maintenance of function of ICC networks, probably by transdifferentiation of ICCyy into a smooth muscle cell-like
phenotype or cell death [36], and probably to (3) Disturbance of the VSICs such as Ano1 or Na, 1.5, which impairs generation and propagation of
electrical slow waves, SI contractions and motility [64], or (4) the homing capacity of the BM-derived ICC to the small intestine might be compromised
(not shown). Multiple mechanisms might act together. Prevention interventions are applied to cease further deterioration of the ICC/ ICC networks,
therefore preferably applied at earlier stages of the disease progression. Treatment interventions focus on restoration of damaged ICC networks.
Infusion of MSCs along with HSCT not only promotes homing, survival and quiescence of HSCs but also could replenish the ICC pool in the small
intestine by differentiation into ICC and homing to SI. Novel technologies to improve the homing capacity of MSCs and promote their engraftment in
the Sl could involve enhanced ex vivo cell culture conditions, gene modifications or coating with antibodies into cell surface. Additionally,
administration of candidate survival factors of residual ICC stem/ progenitor cells would replenish remaining ICC pools [76, 77]. ICC stem/ progenitor
cells can be selected via cell surface markers for transplantation, alternatively, human pluripotent stem cells (hPSCs) would advance our knowledge
about- and provide an accessible source of ICC. Healthy and MNGIE patients- derived organoids are expected to accurately model GI dysmotility
development and prevention and eventually be applied clinically in personalized and regenerative medicine
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and colon (ICCgyy) are involved in pacemaker activity
and neuronal input [35]. In addition to the anatomical
location, ICC are grouped based on their morphology
and primary function [47].

The property that ICC express c-Kit receptor and the fact
that SCF/c-Kit signaling cascades are important for devel-
opment and function of ICC as demonstrated in c-Kit or
SCF mutant mouse models [35], accelerated the under-
standing of the (patho-)physiology of these cells. In addition
to morphological and ultrastructural characterization, c-
Kit receptor (CD117) has been widely recognized as a se-
lective marker for detection of ICC by immunohistochem-
istry in human clinical samples, and elucidation of their
properties and interaction with SMCs and neurons [48, 49].
A few co-transporters and receptors selectively expressed
on ICC and Anol chloride channels were reported as add-
itional specific markers for detection of ICC [44]. The
phenotype  Kit'®"CD44 + CD34 + Insr+Igflr + identifies a
population of ICC progenitors/ stem cells in murine gastric
muscles [50].

Involvement in Gl motility disorders

Quantitative and qualitative abnormalities of ICC/ ICC
networks are implicated in CIPO. c-kit+ ICC were re-
ported absent in the intestine of two patients with the
myopathic form of CIPO [51], in the small and large in-
testine of six cases of idiopathic CIPO [48], and in the
distal ileum and colon of a pediatric case of intestinal
pseudoobstruction [49]. Abnormal distribution of ICC/
ICC networks was reported in the small intestine and
colon of pediatric and adult patients with intestinal
pseudoobstruction [52-54].

Beyond CIPO, altered numbers / depletion, distribu-
tion, morphology or ultrastructural changes were re-
ported to occur in ICC/ ICC networks located in various
parts of the gut in several chronic gastrointestinal motil-
ity disorders, including the esophagus (achalasia and
gastroesophageal reflux), stomach (diabetic gastroentero-
pathy and infantile hypertrophic pyloric stenosis) and in
patients with genetic alterations in kit; in the small intes-
tine and colon (Hirschsprung’s disease, idiopathic mega-
colon, juvenile intestinal pseudo-obstruction, anorectal
malformations, slow transit constipation) and in inflam-
matory bowel diseases (ulcerative colitis and Crohn’s dis-
ease) [35, 55, 56].

Potential pathogenetic mechanisms of altered ICC
networks in MNGIE

Due to their central roles as pacemakers of the gut and
mediators of neurotransmission, alterations of ICC are
strongly associated with GI motility disorders and are
fundamental in the development and underlying patho-
genesis of these disorders [19, 57]. Consequently, clarifi-
cation of the causes of reduced / disturbed ICC
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networks in MNGIE provides research avenues to over-
coming MNGIE enteropathy. The dynamics of disturbed
ICC pools in disease might be caused by [58]: increased
loss of ICC due to transdifferentiation or apoptosis, and
/ or reduced ICC pools due to attenuated development,
proliferation and survival of stem cells, progenitors or
mature ICC. Probably disease-specific environment/fac-
tors stimulate the observed quantitative and qualitative
changes in ICC. For example, in MNGIE, the systemic
accumulation of d-Thd and d-Urd nucleosides could
contribute to either molecular mechanism by negatively
affecting the following. i) The mitochondria. Essen-
tially, the systemic accumulation of nucleosides most
likely debilitates the ICCyyy of human intestine and
stomach, which are particularly abundant in mitochon-
dria [59]. This probably occurs by causing energy failure
or disturbing the metabolic activity responsible for the
propagation of the slow waves through mitochondria
Ca®* cycling [60], an important role of mitochondria in
ICC [61]. This is in line with the findings that mtDNA
depletion also occurs in the small intestine of MNGIE
patients, leading to the assumption that this is a primary
pathological event responsible for the GI dysmotility in
MNGIE [28].

ii) The SCF/c-Kit signaling. Imbalanced nucleosides
pools could negatively influence the SCF/c-Kit signaling,
vital for development and maintenance of ICC, thereby
demolishing the ICC networks and pacemaker activity
and the segmentation motility. For example, interruption
of insulin/IGF-I signaling disturbs SCF/c-Kit signaling,
reducing SCF levels which was implicated in loss of ICC
in diabetic mice models [62, 63]. Additionally, blockage
of SCF/c-Kit interactions leads to transdifferentiation of
ICC to smooth muscle-like phenotypes [36]. Further-
more, attenuated SCF/c-Kit interactions could impair
vital properties of stem cells, progenitors, or mature ICC
impacting on proliferation, development and differenti-
ation (Fig. 1). iii) Voltage-sensitive ion channels
(VSICs). VSICs contribute to vital functions such as GI
secretions, absorption and importantly, in motility as
regulators of electro-mechanical activity of ICC and
SMCs leading to contractions [64]. Targeting of VSICs
has been suggested as a therapeutic intervention method
for GI motility disorders associated with channelopa-
thies, including irritable bowel syndrome [64]. Advan-
tages of this approach would be the direct targeting of
the final affected cells responsible for the pathology
thereby eliminating potential side effects, and the
vicinity of the effector cells to the lumen which facili-
tates drug delivery [65]. Evidence suggests that some
calcium-inhibited and calcium-activated ion channels
and sodium channels are involved in ICC functions, yet
the pacemaker ion channel that initiates the slow wave
is still not defined [65].
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Near- complete knockout of ANOI1, a calcium-acti-
vated- chloride channel expressed particularly by ICC,
led to the loss of slow waves of the mouse small intestine
[66]. Additionally, the voltage-gated sodium-selective ion
channel (Nay1.5) contributes to the generation and propa-
gation of the slow waves. Altered Na* levels directly affect
ICC as it results instantly in the disappearance of the ICC-
generated electrical slow waves, supporting the vital role of
Na" current in generation and propagation of the electrical
activity, the pacemaker property of ICC [67]. VSICs and
ion currents might be impaired in MNGIE due to altered
nucleosides, therefore responsible for the reduction in slow
waves.

iv) The intrinsic quality of the bone marrow-derived
ICC might be compromised in MNGIE, reducing the
capacity for homing to the small intestine, as previously
reported in diabetic mice [68]. Although the aforemen-
tioned factors (i-iv) have not been tested in the context
of MNGIE, they can be envisioned as plausible molecu-
lar mechanisms that, singularly or combined, might con-
tribute to the overall declined quality, functionality and
quantity of ICC/ ICC networks (Fig. 1). The status of the
ICCs and networks and the above mentioned mecha-
nisms could be explored in the Tymp ™~ Uppl™~ mice
[69], which model the systemic accumulation of d-Thd
and d-Urd nucleosides [70]. In particular, it is of interest
to evaluate whether ICC develop at all by studying em-
bryonic or neonate Tymp ™~ Uppl™~ mice [71], and the
possibilities to prevent (further) loss of ICCs.

Future prospects

Additional diagnostic markers of MNGIE

Due to gastrointestinal symptoms similarity with other
diseases, MNGIE has often been misdiagnosed as an-
orexia nervosa, inflammatory/ irritable bowel or celiac
diseases [25]. This has led to a late diagnosis of MNGIE
and patients received wrong treatments [29]. Therefore,
early diagnosis can direct towards suitable treatments
and early genetic consultation. Therefore, early diagnosis
can direct towards suitable treatments and early genetic
consultation.

The diagnosis of MNGIE is based on the evaluation of
the patient history, clinical symptoms, magnetic reson-
ance imaging of the brain, biochemical assessment,
metabolic abnormalities such as in mitochondrial re-
spiratory chain enzymes, mtDNA analysis, and genomic
DNA screening for mutations in TYMP (reviewed in
[3]). In particular, biochemical assessment is cardinal for
the diagnosis of MNGIE and is important for the dis-
tinction between MNGIE and other GI motility disor-
ders due to the typical findings in MNGIE patients [72].
In addition to these criteria, particularly biochemical
testing and brain MRI, pathological diagnosis of GI dys-
motility can be confirmative of MNGIE (Fig. 1).
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In this regard, GI symptoms are cardinal in MNGIE,
therefore diagnosis by GI biopsies can be more reliable
than skeletal muscle biopsies which may show incon-
sistent pathological changes [26]. Evaluation of non-
invasive rectal tissue by routine histology would pro-
vide a valuable diagnostic tool which shows megamito-
chondria readily observed as cytoplasmic eosinophilic
inclusions by light microscopy [25]. On the other
hand, the strong correlation between Kit immunoreac-
tivity and ICC facilitated diagnosis of human GI motil-
ity disorders, and due to their role, ICC are suggested
to be included as a diagnostic criterion for patients
with symptoms of pseudo-obstruction [55]. Immuno-
histochemistry detection of c-kit+ ICC has been ap-
plied for this purpose. However it is important to
support the IHC findings with morphology by routine
and electron microscopy, other more recent molecular
markers of ICC and perhaps a functional evaluation of
ICC, preferably under standard criteria (IHC proto-
cols, ICC counting methods). Based on histopatho-
logical criteria, The London classification 2010
provided guidelines for pathology standardized diag-
nosis of adult and pediatric gastrointestinal neuromus-
cular pathology [73], which would allow for proper
diagnosis and treatment.

Prevention and treatment strategies

In order to resolve the GI dysmotility in MNGIE, either
(or both) molecular processes of increased loss/ reduced
pools of ICC shall be targeted by preventive and thera-
peutic approaches.

Amelioration of altered TP/nucleosides metabolism by
HSCT [20], gene therapy [70], orthotopic liver transplant-
ation [74], or enzyme replacement therapy [75] (reviewed
in [3]), singular or in combination with strategies focusing
on overcoming the deficits of SCF/c-Kit pathways or
VSICs, could be beneficial as preventive measures to
maintain the quality and quantity of- and prevent further
damage of intestinal ICC/ ICC networks (Fig. 1).

On the other hand, therapeutic approaches are applied
at later stages of the disease and shall aim to replenish
the stem cell/ progenitors or mature ICC pools and re-
store ICC networks. This includes cell therapies or ad-
ministration of candidate survival factors that direct
differentiation of residual ICC stem/ progenitor cells
towards mature ICC and promote their proliferation
(Fig. 1), such as SCF, neuronal nitric oxide [76], and ex-
ogenous serotonin [77]. In the following sections, we
focus on cell therapy schemes as candidates to target
deficits of ICC, and the avenues offered by the organoid
and tissue engineering technologies to understand the
pathology of GI dysmotility and ultimately their applica-
tion in personalized medicine for MNGIE.
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Cell therapies

Cell therapies in kit deficient mice Cell therapy has
been explored successfully under conditions that resem-
ble pathological absence of ICC/ disturbed networks in
wild-type and kit deficient mice. Firstly, cellular trans-
plantation of ICC into the small intestine myenteric
plexus of kit deficient mice restored the kit+ ICCyy net-
works and pacemaker activity [78]. Technically, this allo-
transplantation approach is feasible due to ICC capacity
to undergo mitotic division, however, it might require
transplantation of full-thickness muscle strips from other
parts of the GI or from a matched donor, being thus cur-
rently not clinically feasible in patients [79]. Secondly,
the potential of bone marrow-derived mesenchymal
stem cells (MSCs) to differentiate into ICC and repopu-
late injured ICC networks in the murine small intestine
is established [79]. Following bone marrow transplant-
ation (BMT), bone marrow-derived-ICC clusters were
restored in the myenteric plexus of the irradiation in-
jured small intestine of wild-type C57BL/6 mice [68, 80]
and kit deficient mice, which normally lack ICCy;y net-
works and pacemaker activity [81, 82]. This demonstrated
that BM-derived kit+ cells are capable to migrate to and
repopulate the ICCyy networks, although with conflicting
outcomes on the recovery of motor activity in these stud-
ies, requiring further functional assessments [79].

Allogenic HSCT Allogenic HSCT is currently the
standard treatment for MNGIE [20] and has been pro-
posed to be performed at early ages prior to GI manifes-
tations in order to improve the therapeutic outcomes
[20]. Concerning the GI pathology, our evaluation of GI
tissues from MNGIE patients who received HSCT, dem-
onstrate the presence of muscle wall atrophy and ab-
sence of ICC [71] (Table 1). On one hand, the study was
limited by the small patient number and relatively short
follow up time; on the other hand, the status of the ICC/
networks in MNGIE patients prior to transplantation
and the potential contribution of BM-derived MSCs (see
above) to recovery of ICC networks and GI motility has
not been evaluated. In fact, GI manifestations are not
consistently improved following HSCT [20], perhaps due
to the severity of the damage occurred in ICC/ networks
during the course of disease prior to treatment. Theoret-
ically, this should imply #) an improved GI therapeutic
outcomes in MNGIE patients who lack ICC or display
disturbed ICC networks and ii) potential benefits of
evaluation of the ICC/ networks in MNGIE patients
prior to HSCT (diagnosis), which is made feasible by
routine pathology examinations of biopsies, thereby iii)
contribution to estimate the improvements of the GI
motility (prognosis).
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MSCs-based cell therapy MSCs are multipotent stem
cells capable to differentiate into multiple lineages and
regulate core functions of HSCs such a migration, sur-
vival and support of hematopoiesis. MSCs are exten-
sively being tested for their application in HSCT to
enhance engraftment of transplanted HSCs and preven-
tion of graft-versus-host disease [83]. Furthermore, MSCs
are able to home to the injured tissues following total
body irradiation when infused together with HSCs grafts,
particularly home to the gastrointestinal organs, including
the colon and small intestines of primates [84]. The ability
to migrate into the injured sites and support tissue regen-
eration, as well as the immunomodulatory properties, ren-
der intestinal diseases good targets for treatment by MSCs
cell-based therapy [85]. In MNGIE, additional to the
above-mentioned contributions, BM-derived MSCs under
the correct conditions could assist in the recovery of the
lost or disrupted ICC/ networks. MSCs (usually isolated
from bone marrow) could be infused in parallel with
HSCs grafts as applied in clinical trials for hematological
and solid malignancies [83].

Strategies to improve cellular homing and engraftment
of the infused MSCs into the injured intestine can be in-
ferred from bone marrow transplantation [86], myocardial
infarction [87] and inflammatory bowel disease [88].
These may include (Z) modification of the bio-distribution
after systematic infusion of MSCs; (ii) adaptation of cell
culture conditions to maintain the stem cell properties
and enhance homing capacity (selected growth factors,
chemokines or oxygen levels); and (iii) modulation of che-
mokine receptors and cell surface adhesion molecules
(pre-treatment with growth factors, cytokine, genetic
modifications of expression or coating with antibodies
into cell surface).

ICC progenitors/ stem cells and human pluripotent
stem cells Murine ICC progenitors/ stem cells are identi-
fied by their Kit'**CD44 + CD34 + Insr+Igflr + (Kit°“CD44
+ CD34+) phenotype [50, 89] and contribute to the regener-
ation of ICC networks, however these primitive cells are
rare. Research is required to identify such primitive cell
populations in human, for selection and enrichment that,
combined with ex vivo expansion technology, could be in-
vestigated for the feasibility of clinical application.

Neuronal progenitors and human induced pluripotent
stem cells (hIPSCs) were demonstrated to generate spe-
cific GI neuronal cell types (reviewed in [90]), indicating
the feasibility to generate human ICC under relevant dif-
ferentiation conditions. HIPSCs-derived ICC would ad-
vance our knowledge by establishing parameters such as
identification of specific markers of ICC, their signaling
pathways, the pacemaker ion channels and regulators of
the contractile activity, and involvement of ICC in
pathogenesis [90].
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Organoid technology and tissue engineering

Still in its infancy in the field of GI dysmotility, adult
stem cells and hIPSCs are new tools both for basic and
translational research. The in vitro grown human intes-
tinal models are expected to advance our understanding
of the molecular mechanisms of intestinal diseases with
great potential for translational applications. The mini
intestines are multi-cellular constructs produced in three
dimensional (3D) cultures. Human intestinal epithelial
organoids [91], generated from the primary small intes-
tine (enteroids) or colon (colonoids) epithelial crypts
adult stem cells (reviewed in [92]) and composed of all
epithelial cells types. Human intestinal organoids (HIOs)
maybe generated from hPSCs (embryonic stem cells
(ESCs) or induced pluripotent stem cells (IPSCs) [93-95].
HIOs contain both epithelial and mesenchymal layers and
can be developed into a system to mimic, to some degree,
the cell composition, structure, physiology, and function
of the intestine [95]. For a detailed review on organoids
and their applications see [96-98]. The complexity of
HIOs has been increased recently by tissue- engineering
approaches when a functional enteric nervous system was
incorporated into HIOs. These structures had functional
plexi and ICC and exhibit neuronal contractile activity,
representing a system to model the cellular and molecular
basis of GI dysmotility in disorders like Hirschsprung’s
disease [99]. Other tissue engineering developments illus-
trate the feasibility to perform autologous small intestine
transplantation of tissue-engineered small intestines, for
instance, when HIOs are supported with tubular shaped
polymer scaffolds to support their growth in vivo [100].
This approach is being studied for the treatment of short
bowel syndrome, with limitations to be addressed prior
application in regenerative medicine [100, 101].

Intestinal organoids are generated from few starting
materials, are capable to expand indefinitely, self-renew
and remain stable for long periods under xenogeneic-
free culture conditions [102] and are stably transduced
by lentiviral vectors [103]. These properties would en-
able their utility as models for disease profiling, drug
screening, designing personalized therapies and supply
functional tissue for regenerative medicine [98], in par-
ticular for monogenic disorders. GI tissues of MNGIE
patients are scarcely available, and a relevant model of
MNGIE human intestine that accurately simulates the
pathophysiology is lacking. The two-dimensional cell
cultures [5, 7, 104] inadequately exhibit cellular function
such as in tissues or modulate the disease-specific
microenvironment. Notably, the available mouse model
of MNGIE [69], although closely recapitulating the bio-
chemical imbalances, does not display the GI manifesta-
tions; the fundamental physiological differences between
the mouse and human would restrict translation to
MNGIE patients [105].

Page 8 of 11

On the other hand, healthy and MNGIE patients- de-
rived intestinal epithelial organoids (from gut biopsy or
surgically resected tissue stem cells) or —intestinal orga-
noids (from skin-derived IPSCs or ESCs) would provide
more physiologically relevant and tractable alternatives
for the following potential applications [98]. i) Disease
characterization and identification of novel thera-
peutic targets: MNGIE patients- derived epithelial/in-
testinal organoids would model the disease to study the
morphological, structural and physiological changes, the
status of the ICC networks, contractile activity, neuronal,
neuro- muscular interactions, mtDNA alterations, and
altered signaling pathways (by omics profiling). This could
allow identification of novel molecules and pathways as
therapeutic targets. ii) Understanding disease develop-
ment and identification of prevention strategies: ma-
nipulation of healthy epithelial/intestinal organoids culture
conditions to mimic intestinal biochemistry of MNGIE or
gene editing of TYMPB, would assist in evaluating the im-
pact of microenvironment on early stages of GI dysmoti-
lity development, such as the contribution of deficit ICC
networks, mtDNA alterations, principle signaling path-
ways, and their cross-talks. Therefore, this system would
represent a platform to explore key prevention points dur-
ing disease development. iii) Personalized and regenera-
tive medicine: the ultimate goal of the organoids
technology would be the treatment of the GI manifesta-
tions in MNGIE. MNGIE patient-derived intestinal orga-
noids could be used to check the functional status
(diagnosis), predict the potency and potential toxicity
[106] of experimental platforms in resolving GI complica-
tions, and how well they would respond to treatment
(prognosis). Intestinal organoids could be expanded for
tissue regeneration or genetically modified by CRISPR/
Cas9 [107] or vector [103] based gene therapy to restore
TP, and perhaps supported by tissue engineering would
generate viable tissue engineered autologous small intes-
tines and transplanted back into the patient.

Conclusions

The current treatments for MNGIE are inadequate to
resolve the GI manifestations, the most common and
fatal complications of the disease. Understanding the
pathogenesis of the GI dysmotility in MNGIE is limited
by the scarcity of the available tissues of patients or the
relevant platforms to model GI dysmotility and its devel-
opment. This understanding, when well established,
would facilitate the clinical application for diagnosis,
treatment and monitoring of the outcome of treatment
of MNGIE patients. ICC should be fundamental in these
applications due to vital function in the physiology of GI
motility and demonstrated alterations in MNGIE pa-
tients. Deficits in ICC and ICC networks could be a pri-
mary event or be triggered by the microenvironment of



Yadak et al. Orphanet Journal of Rare Diseases (2019) 14:33

the GI disease. The imbalanced d-Thd and d-Urd nucle-
osides is a hallmark of MNGIE and account for alter-
ations of mtDNA, including mtDNA depletion in the
small intestine of MNGIE patients [28, 30]. This likely
leads to mitochondrial failure and cell death. ICC are
rich in mitochondria, therefore are likely to be the target
cell types affected mostly. For that, deficits of ICC could
be viewed as the primary event preceding the muscular
and neurogenic changes that occur in the MNGIE intes-
tine [31]. Other potential factors contributing to deficits
of ICC could be inspired by other metabolic and GI dys-
motility disorders. Signaling pathways critically involved
in development and maintenance of ICC or ion channels
and key regulators of the pacemaker activity of the ICC or
the intrinsic quality of ICC could be negatively affected by
the disease microenvironment. Altogether, these potential
pathological mechanisms, however, require thorough in-
vestigation in the context of MNGIE as well as their valid-
ation as targets for prevention and therapeutic strategies.
Future prospects for GI dysmotility intervention could in-
volve strategies to augment SCF/c-Kit signaling, targeting
VSICs, cellular transplantation of ICC cells or MSCs sup-
ported by ex vivo or genetic modifications to enhance
their homing, engraftment, proliferation and function in
the injured intestines. Finally, the technological break-
through, human-derived intestinal organoids are being
employed to further our understanding of GI disease
pathophysiology in physiologically relevant settings, and
are expected to significantly contribute to personalized
medicine, which ultimately would benefit MNGIE
patients.
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