N

N

Multi-disciplinary Insights from the First European
Forum on Visceral Myopathy 2022 Meeting
Federica Viti, Roberto de Giorgio, Isabella Ceccherini, Arti Ahluwalia, Maria
Alves, Chiara Baldo, Giannina Baldussi, Elena Bonora, Osvaldo Borrelli,

Luigi Dall’oglio, et al.

» To cite this version:

Federica Viti, Roberto de Giorgio, Isabella Ceccherini, Arti Ahluwalia, Maria Alves, et al.. Multi-
disciplinary Insights from the First European Forum on Visceral Myopathy 2022 Meeting. Digestive
Diseases and Sciences, In press, 10.1007/s10620-023-08066-1 . hal-04193171

HAL Id: hal-04193171
https://hal.science/hal-04193171v1

Submitted on 1 Sep 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04193171v1
https://hal.archives-ouvertes.fr

Multi-disciplinary Insights from the First European Forum on
Visceral Myopathy 2022 Meeting

Federica Vitil - Roberto De Giorgio2 - Isabella Ceccherini3 - Arti Ahluwalia4 - Maria M.
Alves5 - Chiara Baldo3 - Giannina Baldussi6 - Elena Bonora7 - Osvaldo Borrelli8 - Luigi
Dall’Oglio9 - Paolo De Coppil0 - Carlotta De Filippoll - Pascal de Santa Barbaral?2 -
Antonella Diamantil3 - Carlo Di Lorenzol4 - Ruggero Di Maulol5 - Antonio Galeonel6 -
Paolo Gandullia3 - Sohaib K. Hashmil7 - Florence Lacaillel8 - Laurence Lanconl9 -
Salvatore Leone20 - Maxime M. Mahé21 - Maria Judit Molnar22 - Alessandro Palmitelli23 -
Silvia Perin24 - Alessio Pini Prato25 - Nikhil Thapar26,27,28,29 - Massimo Vassalli30 -
Robert O. Heuckeroth17

* Federica Viti federica.viti@ibf.cnr.it

1 Institute of Biophysics, National Research Council, Via De Marini, 6, 16149 Genoa, Italy
2 Department of Translational Medicine, University of Ferrara, Ferrara, Italy

3 IRCCS Istituto Giannina Gaslini Pediatric Hospital, Genoa, Italy

4 Centro di Ricerca ‘E. Piaggio’ and Department of Information Engineering, University of Pisa, Pisa,
Italy

5 Department of Clinical Genetics, Erasmus University Medical Center — Sophia Children’s Hospital,
Rotterdam, The Netherlands

6 ‘Uniti per la P.I.P.O.” Patient Advocacy Organization, Brescia, Italy

7 Unit of Medical Genetics, Department of Medical and Surgical Sciences, University of Bologna,
IRCCS Azienda Ospedaliero-Universitaria di Bologna, Bologna, Italy

8 Department of Gastroenterology, Great Ormond Street Hospital for Children NHS Foundation Trust,
London, UK

9 Digestive Surgery and Endoscopy, Bambino Gesu Children’s Research Hospital IRCCS, Rome,
Italy

10 Pediatric Surgery, Great Ormond Street Hospital for Children, London, UK
11 Institute of Agricultural Biology and Biotechnology of the National Research Council, Pisa, Italy

12 Physiology and Experimental Medicine of the Heart and Muscles (PhyMedExp), University of
Montpellier, INSERM, CNRS, Montpellier, France

13 Bambino Gesu Children’s Research Hospital IRCCS, Rome, Italy

14 Division of Pediatric Gastroenterology, Hepatology and Nutrition, Nationwide Children’s Hospital,
Columbus, OH, USA

15 Cloud-R, Milan, Italy



16 Nanotec, National Research Council, Lecce, Italy
17 Department of Pediatrics, The Children’s Hospital of Philadelphia Research Institute and the

Perelman School of Medicine at the University of Pennsylvania, Abramson Research Center,
Philadelphia, PA, USA

18 Pediatric Gastroenterology - Hepatology-Nutrition, Necker-Enfants Malades Hospital, Paris, France

19 “Association des POIC’ Patient Advocacy Organization, Marseille, France

20 AMICI ETS, Associazione Nazionale per le Malattie Inflammatorie Croniche dell’Intestino, Milan,
Italy

21 Nantes Universite, INSERM, TENS, The Enteric Nervous System in Gut and Brain Diseases,
IMAD, Nantes, France

22 Semmelweis University, Budapest, Hungary
23 ‘POIC e dintorni’ Patient Advocacy Organization, Rome, Italy

24 Unit of Pediatric Surgery, Department of Women and Child Health, University of Padua, Padua,
Italy

25 Unit of Pediatric Surgery, ‘St. Antonio e Biagio e Cesare Arrigo’ Hospital, Alessandria, Italy

26 Stem Cell and Regenerative Medicine, GOS Institute of Child Health, University College London,
London, UK

27 Gastroenterology, Hepatology and Liver Transplant, Queensland Children’s Hospital, Brisbane,
Australia

28 School of Medicine, University of Queensland, Brisbane, Australia

29 Woolworths Centre for Child Nutrition Research, Queensland University of Technology, Brisbane,
Australia

30 James Watt School of Engineering, University of Glasgow, Glasgow, UK

Keywords

ACTG2 - Chronic intestinal pseudo-obstruction (CIPO) - Gut dysmotility - Models of disease
MYH11 -MYLK - MYL9




Abstract

Visceral myopathy is a rare, life-threatening disease linked to identify genetic mutations in
60% of cases. Mostly due to the dearth of knowledge regarding its pathogenesis, effective
treatments are lacking. The disease is most commonly diagnosed in children with recurrent or
persistent disabling episodes of functional intestinal obstruction, which can be life
threatening, often requiring long-term parenteral or specialized enteral nutritional support.
Although these interventions are undisputedly life-saving as they allow affected individuals to
avoid malnutrition and related complications, they also seriously compromise their quality of
life and can carry the risk of sepsis and thrombosis. Animal models for visceral myopathy,
which could be crucial for advancing the scientific knowledge of this condition, are scarce.
Clearly, a collaborative network is needed to develop research plans to clarify genotype—
phenotype correlations and unravel molecular mechanisms to provide targeted therapeutic
strategies. This paper represents a summary report of the first ‘European Forum on Visceral
Myopathy’. This forum was attended by an international interdisciplinary working group that
met to better understand visceral myopathy and foster interaction among scientists actively
involved in the field and clinicians who specialize in care of people with visceral myopathy.
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Introduction

The European Forum on Visceral Myopathy 2022 (EFVM2022) was held from April 27th to
April 29th, 2022 in Camogli, Genova, Italy (https:// poic-e- dinto rni. org/ efvm- 2022/). This
was the first international meeting focused on visceral myopathy (VSCM), a life-threatening
disease characterized by profound impairment of the gastrointestinal tract, urinary system, and
uterine muscles. VSCM is an extremely rare disease currently without mechanism-based
therapy. Speakers and attendees included clinicians and researchers from around the world,
representatives from support organizations, as well as families affected by this disease. The
goals of the conference were to appraise what is known about VSCM, share research data, and
raise awareness on this poorly understood condition. The present review represents a position
paper about VSCM and is organized into six sections, which recapitulate the evidence-based
data presented by the speakers: ‘Clinical manifestations, diagnosis, and initial management,’
‘Genetics and disease mechanisms,” ‘Smooth muscle cell biology,” ‘Model systems,’
‘Outcomes, current therapy and future innovative treatments,” and ‘Tools and activities to
support VSCM research.’

Clinical Manifestations, Diagnosis, and Initial Management Clinical Manifestations

‘Visceral myopathy’ refers to altered integrity of the smooth muscle of the whole
gastrointestinal tract and two specific extra-digestive organs (urinary tract and uterus). Muscle
disease restricted to these organs occurs because visceral (bowel, bladder, ureter, and uterus)
smooth muscle differs from vascular or airway smooth muscle, as well as from cardiac or
skeletal muscle. Each muscle type is uniquely adapted to its role by virtue of remarkably
divergent cell shapes and expression of muscle sub-type specific proteins. For example,
vascular smooth muscle differs from visceral smooth muscle in relative abundance of specific
actin isoforms expressed in each cell type. For this reason, people with the actin-based forms
of visceral myopathy have impaired bowel, bladder, and uterine smooth muscle function,
typically without vascular, cardiac or skeletal muscle manifestations [1]. Visceral myopathy
symptoms often present during infancy but can also begin at later ages [1, 2]. Symptoms
include a massively dilated bowel full of air, fluid, and often partially digested food. Contents
move very slowly through the bowel. Nausea, vomiting, constipation or diarrhea, abdominal
distension, and pain are common, often with extremely severe symptoms. Most people with
visceral myopathy rely at least intermittently on parenteral nutrition for survival. In addition
to parenteral nutrition, feeding tubes in the stomach (gastrostomy) or jejunum (jejunostomy)
are commonly required. These tubes may be used for slow drip feeding, but also to
decompress the bowel by draining air and fluid. These intestinal manifestations of visceral
myopathy are also called myopathic chronic intestinal pseudo-obstruction— mCIPO. In
people with mCIPO, urinary bladder is frequently dilated and empties poorly. Thus, bladder
catheter drainage may be needed to reduce the risk of infection and chronic kidney disease
due to obstructive uropathy. Symptom onset and severity vary considerably for people with
VSCM, even in family members with the same disease-causing mutation [3, 4]. For example,
in some cases, children experiencing severe disease from infancy can have parents that are
only mildly affected, suggesting that second-site genetic modifiers or non-genetic factors
(e.g., diet and gut microbes) are likely to impact disease manifestations. Waxing and waning
disease severity also occurs in single affected individuals, with rapidly deteriorating bowel
dysmotility in the setting of acute infections (e.g., upper respiratory infection). In the most
severe forms of VSCM, the bDbladder (and ureter) can be dilated at birth
(megacystis/megaureter) and the colon has a reduced diameter (microcolon), presumably



because movement of intraluminal contents is required for normal prenatal colon
development. This combination of neonatal symptoms is called Megacystis Microcolon
Intestinal Hypoperistalsis Syndrome (MMIHS). MMIHS is often fatal in childhood, even with
optimal care with studies reporting up to 80% mortality before 20 years of age [5]. Death may
result from sepsis or volvulus of massively dilated bowel loops, even with state-of-the-art
treatment.

Diagnosis and Initial Management

Imaging tests are crucial at the time of diagnosis to define anatomy and exclude mechanical
obstruction. Although symptoms of mechanical obstruction overlap those of VSCM,
management is distinct. Mechanical obstruction requires prompt surgical intervention to
prevent death. In contrast, surgery is not helpful when symptoms are from myopathy and
recovery from surgery is often prolonged in people with VSCM. Even in cases with
established mCIPO, distinguishing mechanical from non-mechanical obstruction can be
difficult, since dilated bowel is prone to volvulus and adhesions may trap distended bowel.
Common diagnostic methods to define visceral anatomy and exclude mechanical obstruction
include abdominal computerized tomography (CT with/without oral contrast medium),
magnetic resonance imaging (MRI) enterography (MRE), and upper gastrointestinal radiology
(Fig. 1) and small bowel follow through. CT and MRE are often used because of their high
diagnostic accuracy. Gastrointestinal (GI) motility can be investigated via gastric emptying
tests, cine-MRI of the whole gut, and by colonic and antroduodenal manometry (ADM).
Gastric emptying may predict the likelihood that feeding into the stomach will be beneficial,
while ADM may predict success of enteral feeding (via jejunostomyy), or response to medical
treatment. Muscle contractility and pharmacological responses to various drugs can be tested
in vitro in oxygenated organ baths. However, this approach is usually restricted to research
and only applicable in few centers with translational (basic and clinical) laboratory expertise.

When mCIPO is suspected, full thickness bowel biopsy may be recommended using
minimally invasive approaches, such as laparoscopic or robot-assisted surgery. Alternatively,
interventional endoscopic techniques can be used to obtain full thickness biopsies, but may be
less commonly available. Histopathology reveals intestinal myopathic changes (e.g., abnormal
smooth muscle layering) in ~ 50% of cases [6, 7], a finding that corroborates the clinical
features (e.g., a myopathic pattern at ADM) and supports a diagnosis of VSCM. However,
histopathological findings do not impact management unless muscle layer immune cell
infiltration (hence inflammatory or immune-mediated leiomyopathy) is demonstrated. If
immune cell infiltration of muscle is seen, immunosuppressive treatment may be started [8],
but may not help if there is already extensive smooth muscle fibrosis. Venting gastrostomy
and diverting ileostomy are almost universally beneficial, whereas caution should be
exercised before proceeding with any other surgical intervention, especially in forms of CIPO
characterized by diffuse involvement of the smooth muscle. Even minimally invasive surgery
carries risks of post-surgical sequelae, and recovery of bowel function after surgery is often
prolonged in people with VSCM. Stoma reversal might be considered in a minority of people
with mCIPO who have long-standing stable disease but minimal symptoms (e.g., at least 2
years without pseudo-obstruction episodes, no enteral/parenteral feeding requirement,
minimal bowel dilatation). A Duhamel pull-through [9] seems to be a preferred option to
reestablish intestinal continuity and close ostomies.
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Genetics and Disease Mechanisms

ACTG2, the gene most commonly mutated in people with VSCM, encodes actin G2 (actin
gamma 2, smooth muscle), one of the 6 actin isoforms in humans [10]. ACTG2 is the primary
smooth muscle actin in bowel, bladder, and uterus. However, visceral smooth muscle cells
also express ACTA2 (actin alpha 2, smooth muscle), and all cells express the cytoplasmic
acting ACTB (actin beta) and ACTG1 (actin gamma 1). In contrast to visceral smooth muscle,
vascular (blood vessel) smooth muscle cells produce more ACTA2 than ACTG2. Cardiac
smooth muscle expresses primarily ACTC1 (actin alpha cardiac muscle 1) and skeletal
muscle ACTA1L (actin alpha 1, skeletal muscle) [10]. These differences in gene expression
explain why ACTG2 variants cause VSCM, whereas similar variants in ACTA2 cause
aneurysms and aortic dissection [11]. ACTC1 variants cause cardiomyopathies (heart disease)
[12] and ACTAL variants cause skeletal muscle weakness (e.g., nemaline rod myopathy) [13].
So far (April 2022), 132 ACTG2 variants have been reported to produce VSCM, with most
reported in fewer than 5 families. Almost all ACTG2 variants that cause VSCM are due to
changes in a single amino acid and cause disease in heterozygotes (i.e., one mutant allele is
enough to cause VSCM). For this reason, VSCM may show a dominant inheritance pattern or
result from de novo ACTG2 mutation, especially in the most severely affected individuals [3,
4]. In 80% of the cases, the affected amino acid is an arginine residue [14], due to the fact that
C to T variation occurs readily and the first codon for arginine starts with C. A severe clinical
phenotype is observed for 60% of known ACTG2 variants, requiring parenteral nutrition, or
drastic therapeutic measures (e.g., small bowel transplant), and even with current state-of-the-
art therapy outcomes remain poor (i.e., early death). ACTG2 R257C is the most commonly



identified cause of VSCM and, along with ACTG2 R178 variants, it causes a very disabling
form of disease [3]. ACTG2 R40 variants have variable severity myopathy, whereas ACTG2
R38 variants are usually less severe. Second site modifiers (genetic or non-genetic) impact
disease course and are responsible for the considerable variety in symptom onset and severity
even within families [15, 16]. An example is represented by a family of eleven people with a
broad spectrum of visceral manifestations, where eight affected members showed severe
complications due to biliary and/or urinary tracts dysfunction in addition to CIPO. All
affected mothers had a history of assisted deliveries owing to poor progress during labor and
weak uterine contractions. The genetic tests performed in this family revealed an ACTG2
G269E variant [16]. If we could identify second site modifiers, they might provide additional
therapeutic targets to reduce disease severity without the need to correct the ACTG2 mutation.
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In addition to ACTG2, variants in several other genes may cause severe gut dysmotility due to
VSCM including myosin heavy chain 11 (MYH11) [17], myosin light chain kinase (MYLK)
[18], and myosin light chain 9 (MYL9) [19] (essential components of the contractile apparatus
in smooth muscle cells), leiomodin 1 (LMOD1, a protein that nucleates formation of actin
filaments in smooth muscle) [18], and filamin A (FLNA, an actin crosslinking protein that
anchors membrane proteins to the cytoskeleton) [20]. Table 1 summarizes the most
commonly identified genes associated with VSCM. The encoded proteins primarily function
as part of the actin—myosin contractile apparatus are needed for actin polymerization, or
regulate actin—myosin and actin—actin interactions. The reasons that mutations in these genes
cause visceral myopathy remain incompletely understood, but defects are thought to reduce
muscle strength or the ability of smooth muscle to resist passive stretch (Fig. 2).

Mutations in other genes including LIG3 [21], POLG [22], RAD21 [23], TFAPB2 [24], TYMP
[25], SGO1 [26], and SOX10 [27] can cause severe CIPO, likely due to an underlying
neuropathy (e.g., RAD21, SOX10, TFAPB2) or neuromyopathy (POLG, TYMP, LIG3, SGO1),
although characterization studies are still awaited.

ACTG2 Variants and Bowel Physiology

The bowel has a complex ensemble of tasks, sensing intraluminal nutrients and generating
mechanical forces to determine motility patterns that enhance nutrient digestion and
absorption, and then expel waste (undigested residues). Smooth muscle provides the force
(via active contraction and relaxation) for bowel motility [28]. Specifically, circular muscle



contracts to narrow the intestinal diameter, whereas longitudinal muscle shortens the intestine
along the longitudinal axis. Smooth muscle cells work in concert with pacemaker cells [i.e.,
interstitial cells of Cajal (ICC)], and platelet-derived growth factor receptor alpha +
(PDGFRA +) cells. These cells are coupled by gap junctions forming the SMC-ICC-
PDGFRA “SIP syncytium,” which is controlled by the enteric nervous system (ENS) and
influenced by extrinsic sympathetic and parasympathetic innervation as well as hormonal
signals [29]. ACTG2 encodes a globular actin monomer (G-actin) that can polymerize to form
actin filaments (F-actin). Actin interacts with dozens of other proteins to control
polymerization, depolymerization, bundling, and branching of filaments. F-actin interactions with
smooth muscle myosin (MYH11) generate the force needed for cell contraction or changes in cell
shape [30]. Actin is also required for maintenance of cell polarity, endocytosis, exocytosis, cell
division, chromatin remodeling, and regulation of transcription. While some of these processes are
thought to be primary functions for cytoplasmic actins ACTB and ACTG1, the roles played by each
actin isoform remain incompletely understood. Disease-causing actin variants may interfere with some
or all these processes. One key issue is that we need to define normal ACTG2 cellular functions to
understand which processes are affected by the ACTG2 disease-causing variants. As an example,
whereas ACTG2 variants may reduce actin filament formation or actin—-myosin interactions, G-actin
also binds and sequesters myocardin-related transcription factor (MRTF) in the cytoplasm, preventing
MRTF-SRF (serum response factor) interactions that drive expression of muscle contractile apparatus
genes (e.g., ACTG2 and MYH11) [1]. When not bound to MRTF, SRF can induce the expression of
extracellular matrix (ECM) and pro-mitogenic genes in concert with ELK1 (ETS transcription factor
ELKZ1). This is a potentially important disease mechanism since smooth muscle cells can
undergo phenotypic switching from contractile to “synthetic” or “proliferative” state [31].
This phenotypic switch might also be triggered by mechanical forces [tissue stiffness via Yesl
associated transcriptional regulator (YAP1)] or inflammatory mediators [via nuclear factor
kappa B (NFkB)] since YAP1 and NF«xB bind to and sequester myocardin (MYOCD), a key
transcription factor needed to evoke contractile gene expression in the smooth muscle. Bowel
dilatation, which is a common feature in people with VSCM, may change the contractile
phenotype as tension on muscle releases YAPL thereby facilitating its entrance into the
nucleus. Furthermore, infections might induce phenotypic switching via nuclear translocation
of NF«B.

Smooth Muscle Cell Biology

Visceral smooth muscle differentiates from highly proliferative mesenchymal precursors that
migrate and produce extracellular matrix to enable intestinal growth. As mesenchymal
precursors differentiate into contractile smooth muscle, they produce myocardin, ACTA2, and
ACTG2. Further maturation toward a contractile phenotype leads to MYLK, MYH11 and
calponin 1 (CNN1) expression. Remarkably, throughout life, the contractile phenotype of
smooth muscle cells is not permanent. Smooth muscle can undergo “phenotypic class
switching,” with loss of contractile apparatus genes, increased expression of extracellular
matrix proteins, increased proliferation, and increased cell mobility [32, 33]. Phenotypic class
switching is controlled in part by the putative RNA binding mitochondrial protein limb and
CNS expressed 1 (LI1X1), which is highly expressed in mesenchymal precursor cells able to
differentiate into contractile smooth muscle [34]. LIX1 levels decline during the transition
from precursor to contractile smooth muscle cells. In chick embryo, the sustained expression
of LIX1 increases alpha smooth muscle actin expression and prevents CNN1 expression,
while maintaining the expression of the intermediate filament protein DESMIN. In contrast,
LIX1 silencing in chick splanchnic mesoderm reduces cell proliferation and decreases alpha
smooth muscle actin and MYOCD expression [35]. Interestingly, LIX1 was abnormally
expressed in 80% of the mCIPO bowel muscles examined (N = 20), suggesting that



phenotypic switching from contractile to synthetic smooth muscle cells occurs in vivo in
people with mCIPO, causing muscle weakness (Pascal De Santa Barbara unpublished data).
Consistent with this hypothesis, many pediatric mCIPO colon biopsies had low levels of alpha
smooth muscle actin and a 50% reduction in ACTG2 mRNAs [31]. Furthermore, PDGFRA
was expressed at high levels in smooth muscle cells from people with mCIPO. While
PGDFRA is low in contractile smooth muscle, its level is high in smooth muscle precursor
cells. This again suggests that a phenotypic switch away from the contractile smooth muscle
phenotype occurs in vivo in human mCIPO. Interestingly, silencing LIX1 dramatically
reduces YAP1/TAZ [34, 35]. Since YAP1 competes with SRF for myocardin [36], reduced
YAPL could enhance the formation of SRF myocardin complexes that directly induce
transcription of smooth muscle contractile genes. These observations suggest that silencing
LIX1 could facilitate maintenance of contractile smooth muscle cells in culture or in vivo,
potentially representing a novel therapy.
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Human intestinal mesenchymal precursors differentiate into circular muscle beginning in the
rostral bowel at 8 weeks of gestation [37]. At this stage, MYH11 is present in the region of
the circular smooth muscle, but not in the region where longitudinal muscle will eventually
form. By 10 weeks of gestation, MYHZ11 is also present in the longitudinal muscle indicating
differentiated contractile smooth muscle cells. Smooth muscle differentiation proceeds in a



rostral to caudal progression through the bowel during the 1st trimester of fetal development
[37]. It is hypothesized that a common mesenchymal precursor gives rise to smooth muscle,
ICC, and PDGFRA cells of the SIP syncytium [38-41]. In support of this hypothesis, in
human bowel at week 8 of gestation, there are cells in the presumptive circular muscle region
that co-express the KIT and PDGFRA receptors (Silvia Perin unpublished data). By 9 weeks
of human gestation, KIT and PDGFRA are expressed in non-overlapping cell populations
(presumptive ICC and PDGFRA cells, respectively). In mouse embryos, presence of KIT and
PDGFRA cells in the developing gut was reported at day 12 of gestation [41]. Over time,
these genes are expressed in separate cell populations in bowel muscle layers [29]. Until now,
the exact origin of gut smooth muscle remains unclear with evidence that smooth muscle can
differentiate from gut mesenchyme [42, 43], serosal mesothelium [44], and from pericytes of
the vasculature (Silvia Perin unpublished). In support of these hypotheses, it has been shown
that bowel pericyte-like cells grown in serum-depleted media generate smooth muscle-like
cells over 7 days in culture and that repopulation of decellularized human bowel scaffolds
generates tissue with well-oriented smooth muscle layers (Silvia Perin unpublished data).

Model Systems
Traditional Cell Culture

Current VSCM studies rely on a limited number of models. Mostly, they mimic ACTG2-
based VSCM, often focusing on the ACTG2 R257C variant, one of the most severe and
common forms of the disease. A cellular model of ACTG2 R257C VSCM was produced by
Hashmi et al. [45] mimicking human heterozygous disease by overexpressing either wild type
(WT) or R257C ACTG2 proteins in cultured human intestinal smooth muscle cells (HISMC).
In the presence of the ACTG2 R257C protein, actin filament bundles visualized with
phalloidin (which stains all actin filaments) or via electron microscopy were indistinguishable
from cells overexpressing WT ACTG2, despite the severe symptoms in people carrying the
R257C variant. In contrast, staining for only the tagged ACTG2 protein demonstrated actin
filament bundles containing ACTG2 R257C were shorter, thinner, and less branched than
those containing tagged WT ACTG2. These results suggest compensation for the ACTG2
R257C variant by other cellular actins (ACTB, ACTGL1, or endogenous WT ACTG2). Still,
the severity of the human disease indicates ongoing cellular dysfunction caused by mutant
ACTG2. Consistent with this hypothesis, human smooth muscle expressing ACTG2 R257C
migrate faster and spread more quickly on plastic culture dishes than cells that express WT
ACTG2 protein, suggesting that ACTG2 R257C induces phenotypic switching in smooth
muscle from the contractile to the synthetic state. Unfortunately, phenotype switching is
incompletely modeled when cells are cultured on plastic because hard surfaces sensed by
smooth muscle rapidly reduce cellular levels of many contractile apparatus proteins (e.g.,
100-1000 fold reductions in ACTG2 and MYH11 mRNA in 24 h).

Another cellular model of VSCM s represented, somewhat surprisingly, by fibroblasts from
people with VSCM [46]. Three fibroblast cell lines carrying the ACTG2 R257C variant and
one carrying the milder ACTG2 R38H variant were analyzed (at early and uniform cell
passages). Compared to controls, represented by fibroblasts from people with Hirschsprung
disease (HSCR) or normal bowel function (non-CIPO), ACTG2 R257C fibroblasts are thicker
than non-CIPO controls and present higher cytoskeletal anisotropy, migrate faster, and are
softer. Traction force microscopy (TFM) using 12 kPa stiffness substrates revealed the most
robust differences between groups with dramatically reduced force generation by ACTG2
mutant fibroblasts, intermediate force from HSCR-derived fibroblasts, and much more force



from healthy control-derived fibroblasts. Cell migration differences correlate well with human
intestinal smooth muscle cells transfected with WT or mutant ACTG2 [45] but are still
surprising, since fibroblasts were not previously appreciated to express ACTG2. Nonetheless,
the observations suggest a readily accessible patient-derived cell type (skin-derived
fibroblasts) can be used to gain insight into visceral myopathy-inducing human variants.

3D In Vitro Models

Due to the complex biology and structure of human bowel, 2D cell cultures only sometimes
recapitulate normal physiology or development. 3D in vitro models of human bowel could be
generated from human-induced pluripotent stem cells (iPSC) or embryonic stem cells (ESC),
using developmental pathways needed for the intestinal development in vivo human intestinal
organoids (HIO) from stem cells present several features of natural human bowel. However,
they resemble fetal bowel until implanted in vivo (e.g., into mesentery or kidney capsule) in
immunodeficient mice [47]. Although the implanted HIO receives signals, such as nutrients
and hormones, from the mouse host via vascular and lymphatic networks, 90% of its cells
remain of human origin. Adding vagal neural crest-like cells (vNCC, derived from iPSC or
ESC) produces a complex organoid, containing neurons and glia [48] that enhance HIO cell
diversity and improve smooth muscle maturation. Neural crest-lineage cells can also increase
bowel motility, as they differentiate into a functional neuroglial network resembling the
enteric nervous system. This HIO-derived bowel can be expanded in vivo, by including a
Nitinol memory foam spring within the organoid lumen [49]. Mechanical force of the spring
leads to thicker circular and longitudinal muscle layers and more robust responses to
acetylcholine, a major pro-contraction neurotransmitter. The described HIOs could be
generated from people affected with CIPO using iPSC, as previously demonstrated in the case
of a Hirschsprung’s disease caused by PHOX2B mutation [48]. The mature organoids provide
muscle layering and enteric nervous system organization, but their development status is
approximate second trimester of gestation rather than normal adult human bowel.
Furthermore, while generated HIO can contract and relax, the complex motility patterns
typical of normal human bowel have not yet been demonstrated in HIO. Forthcoming
engineering strategies will be needed to capture the normally intricate motility patterns
needed for survival, and these strategies might include bio-printing tubular structures or other
engineering approaches.

Another method to generate human bowel in vitro is to repopulate decellularized bowel
scaffolds that provide extracellular matrix, orient cells, and promote differentiation.
Repopulating the decellularized scaffold requires precursors that can be induced to
differentiate into bowel smooth muscle (see ‘Future therapies’ section).

Innovative Cell Culture Systems

Traditional cell culture systems are suboptimal for studying smooth muscle cell biology and
VSCM, because smooth muscles are acutely responsive to mechanical forces and change over
time in response to rhythmic stretching. Innovative culture methods including gut-ona- chip
approaches can allow uniaxial stretching, while bioreactors such as those commercialized by
FlexCell can provide static or cyclical strain to cultured cells. Recently, a new bioreactor has
been developed [50], equipped with electrically curved membranes that can be dynamically
tuned to create radial and circumferential strains. Cells grown in such bioreactors had more
actin fiber bundles which aligned along the direction of the radial strain, a very different
phenotype from that obtained when the same cells experience planar stretching. Another



approach to repeatedly induce cyclic strain with little hysteresis is represented by the
innovative system for bioprinting called the Core—Shell Microbeads Creator (COSMIC). The
beads present a core of Pluronic® and alginate, surrounded by paramagnetic nanoparticles
that allow the generation of force and motion through magnets [51]. These magneto-
responsive gels permit wireless muscle-like actuation, facilitating cell growth and
organization in layers. Although applications in vivo are yet unexplored, in theory Core—Shell
paramagnetic microbeads might be also adapted to apply controlled force to the bowel as an
in vivo “gut assist” device for people with intestinal dysmotility, including VSCM-related
CIPO.

Animal Models

A new Drosophila model of visceral myopathy was generated by knocking down Drosophila
Act79B (92% identical to ACTG2) in fly visceral mesoderm using Mef2-Act79B RNAI
(Antonio Galeone unpublished data). These flies have markedly delayed transit of food
through the bowel and fewer gut contractions than WT. To more closely model human
VSCM, inducible upstream-activated sequence fly lines were generated producing Drosophila
Act79B on one allele and the human WT (UAS-ACTG2) or mutant (UASACTG2 R257C) from
the other allele. This model could be used for drug screening since testing involved feeding
flies with colored food and observing motility and transit through larval midgut. Candidate
drugs could then be evaluated in cell culture, tissue-engineered intestine, or mutant animal
models currently under development by other investigators.

Recently, a mouse model carrying the most common heterozygous variant in ACTG2
(R257C), was generated by CRISPR/Cas9 genome-editing [52]. This model showed dilated
intestine and bladder reminiscent of the MMIHS phenotype identified in patients.
Interestingly, no microscopic morphological changes were observed in the intestine, bladder,
stomach, and uterus of these mice by hematoxylin—eosin staining. However, primary
intestinal smooth muscle cells isolated from the ACTG2 R257C mouse showed reduced
cellular contractility, possibly due to impaired ACTG2 polymerization.

Outcomes, Current Therapies, and Future Innovative Treatments
Outcomes

The most severe form of VSCM, MMIHS, had death rates of 80% during childhood (1976 to
2011 literature review) [53] and 40% mortality before 10 years of age (28 children) [54]. A
more recent study reported 86% survival to 20 years of age in patients with MMIHS (N = 25,
median age for involved subjects = 9.2 years), but 50% of survivors (11/22) had an intestinal
transplant [55]. Neuropathic CIPO has similar symptoms to the myopathic form (Table 2), but
a recent study reported 55% death in childhood for mCIPO compared to 8.5% death in
childhood for neuropathic CIPO [56]. Even in the case of a “good” outcome, it is common for
children affected with mCIPO to spend months in hospitals, with a median length of stay of 6
days and a median cost of $ 52,000 in the United States [57]. lleostomy and gastrostomy
reduced the median cost of hospitalization by about 20%, consistent with the hypothesis that
low pressure routes for release of gas and stool are valuable when bowel muscles are weak.
Many people with VSCM require total parenteral nutrition (TPN) for survival, at least
intermittently. Infection and liver injury represent potentially fatal complications of TPN:
survival on TPN is reported to be 90% at 1 year, 70% at 5 years and 60% at 10 years [58].



Electrolyte imbalance, malnutrition, and small intestinal bacterial overgrowth are common
problems that dramatically affect health [59, 60]. Over time, people with mCIPO may have
replacement of bowel muscle by collagen. These factors, coupled with complex care (ostomy
management, enteral feeding, TPN, repeated school and work absence), and daily debilitating
symptoms (abdominal pain, abdominal distension, vomiting, nausea, constipation, fatigue)
can dramatically reduce the quality of life.

Current therapies

Current therapies primarily address complications of mCIPO. Small intestinal bacterial
overgrowth is treated with antibiotics. Fluid and electrolyte imbalances and malnutrition are
treated by combinations of intravenous and enteral therapy. All these therapies improve the
quality of life and can be life-saving [61]. Narcotics should be avoided, if possible, since
opioids exert an anti-motility effect that worsens symptoms and complicates the clinical
picture. Furthermore, long-term (weeks) opioid use increases pain sensitivity, causing
“narcotic bowel syndrome,” requiring tapering down of opioids to avoid severe, life-
threatening complications [56]. Prokinetic agents may be helpful by preventing acetylcholine
degradation at the synapse (neostigmine, pyridostigmine), blocking dopamine D2 receptors
(domperidone, metoclopramide), activating somatostatin receptors (octreotide), or activating
serotonin/5-hydroxytryptamine (5-HT4) receptors (cisapride, prucalopride, velusetrag). 5-
HT4 receptors are found pre-synaptically in ascending interneurons and excitatory motor
neurons in the bowel as well as in substance P-expressing extrinsic nerve fibers important for
visceral pain sensitivity. The primary pro-motility effect of 5-HT4 agonists is via an increased
acetylcholine release at the synapse cleft. Acetylcholine induces smooth muscle contraction
by activating muscarinic receptors (M2, M3) on smooth muscle cells and on ICC. Therefore,
avoiding anti-cholinergic drugs is important [59, 60].

Diet and gut microbes can also be manipulated to enhance bowel motility but optimal therapy
is not yet established. Animal models show gut microbes and metabolites impact bowel
motility, alter enteric neuron number, influence epithelial cell function, and change bowel
immune system function in ways that may contribute to VSCM symptoms [62]. Poor bowel
motility and the lack of regular diet predisposes to accumulation of abnormal gut microbial
communities, causing dysbiosis, which is common in people with VSCM. Consistent with
these observations, a small study of nine people with CIPO showed that fecal transplant
significantly reduced abdominal pain and bloating and improved bacterial overgrowth (in 5
out of 7 cases) at eight weeks after treatment [63]. Mechanistically, gut microbes and their
metabolites can alter neuronal subtypes in the enteric nervous system via the arylhydrocarbon
receptor, increase serotonin synthesis in enteroendocrine cells by inducing tryptophan
hydroxylase transcription, increase serotonin in enteric neurons, impact enteric neuron
numbers and antimicrobial peptide production via toll like receptors, increase motilin
secretion by M-cells (via the bile acid receptor TGRS, long chain fatty acid receptor FFAL,
and monoacylglycerol receptor GPR119), and deconjugate cholic acid (a bile acid) to produce
deoxycholic acid, which increases bowel motility via TGRS receptors [64—66]. Overall,
limited data are available about fecal transplant, the effectiveness of probiotics, or the
modulation of metabolites to improve the life of people with VSCM.
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Nutrition remains a challenge for people with visceral myopathy. When oral feeding is poorly
tolerated, nutrients may be provided via gastrostomy or jejunostomy, often as slow continuous
drip feeding. When the enteral feedings are poorly tolerated, partial or total parenteral
(intravenous) nutrition are provided, often in combination with small amounts of enteral
feeding. In infants, breast milk is considered the best choice, providing nearly complete
nutrition with little residual waste, and providing a variety of trophic and antimicrobial
molecules. When breast milk is not available, feeding should start with whole protein-based
formulas before trying partially hydrolyzed or amino acid-based formulas. Since dysmotility
impairs mixing of complex nutrients with digestive enzymes, people with VSCM may benefit
from medium chain triglycerides (MCT) that are absorbed without need for hydrolysis.
Electrolytes and micronutrients need to be carefully monitored and abnormalities are
corrected when identified since vitamin deficiencies and electrolyte abnormalities may affect
bowel motility. For example, deficiencies in thiamine (vitamin B1), riboflavin (vitamin B2),
niacin (vitamin B3), pyridoxine, cobalamin (vitamin B12), tocopherol (vitamin E), biotin,
retinol (vitamin A), folate, iron, and copper cause nervous system disease, while vitamin D
deficiency and selenium deficiencies cause muscle weakness.



As reported in the initial section, surgical interventions useful in the VSCM treatment include
venting gastrostomy, jejunostomy, and ileostomy, because bowel distension increases the
effort necessary to contract the bowel, facilitates bacterial overgrowth, and increases the risk
of bacterial translocation, sepsis, and volvulus. Unfortunately, ostomy prolapse is common in
people with VSCM and skin irritation around the ostomy can also be a problem. Performing
the least invasive procedures is strongly recommended, avoiding open abdominal surgery
when possible (e.g., cystostomy is preferred to Mitrofanoff procedure for bladder emptying).

When the strategies described above fail, an alternative therapy is intestinal transplant. The
Necker-Enfants Malades in Paris, the largest transplant center in Europe, performed the
world’s first small bowel transplant in 1987 [67]. Data from 2021 [68] indicated 5-year post-
bowel transplant survival of around 60% in the United States and 50% globally, suggesting
chronic TPN may be safer than intestinal transplant. Primary post-transplant problems include
early acute rejection, late rejection, graft failure, and complications of immunosuppression
including late infection, renal failure, and cancer. The presence of megacystis (large bladder)
increases the risk of post-transplant infection. Immunosuppression doses required for bowel
transplant are twice as high as for liver transplant, which contributes to adverse outcomes.
While outcomes are slowly improving, bowel transplants remain uncommon (~ 4000 bowel
transplants since 1988 worldwide, compared to more than 1000 liver transplants each year in
France), limiting experience needed to optimize post-transplant management. Because of
these issues, the indications for bowel transplant are total intestinal failure with no hope of
weaning off TPN, plus complications that make continued TPN impossible or very risky (e.g.,
repeated line infections, extensive vascular thrombosis, inability to manage TPN at home,
progressive TPN-associated liver injury, growth failure, and psychological intolerance of
TPN). Although in VSCM, small intestine is the target organ for transplant, stomach should
be transplanted along with small bowel, since delayed gastric emptying is common in people
with VSCM. Moreover, it is important to transplant right colon and connect it to the rectum,
leaving an open ostomy. In the past 10 years, the Necker-Enfants Malades has performed 14
intestinal transplants (3 were second transplants), 4 of them to treat VSCM with ongoing pain,
repeated vomiting, limited vascular accesses, and recurrent infections. Of the 14 transplanted,
7 are alive, including 3 with VSCM, with improved quality of life, even though severe
complications (including autoimmune hemolytic anemia) arose in the first-year post-
transplant in 2 transplant recipients. Three of the transplant recipients died and 4 had the
intestinal graft removed.

Future therapies

Future therapies for VSCM might be based on regenerative medicine, the process of creating
artificial human bowel for transplantation. The feasibility of generating new organs is
demonstrated by artificial trachea created by seeding a decellularized trachea scaffold with
human cells. The engineered trachea was then implanted into a child with tracheal stenosis,
allowing the child to live [69]. To create new small bowel, decellularized intestine can be
seeded with human-derived intestinal organoids. Alternatively, stem cell-based strategies
allow bowel like-organoids to be generated without decellularized scaffolds. While these
advances are remarkable, it is not yet known how long regions of small bowel can be created
that contain the machinery needed for normal bowel motility. Whole organs might also be
grown using cells from affected individuals, to learn more about disease mechanisms or to
avoid transplant rejection and need for immunosuppression. For people with VSCM,
pathogenic variants would need to be corrected in the stem cells before populating the
scaffold. However, adverse outcomes may occur when working with engineered organs [70],



SO a cautious approach to this treatment is recommended. While many challenges need to be
overcome before this approach is useful, regenerative medicine (organogenesis) remains an
exciting potential future therapy.

Tools and Activities to Support VSCM Research

Patient support groups and societies are of great values in severe and rare diseases such as
VSCM. An example of such organization is ‘POIC e dintorni’ an Italian patient advocacy
organization (PAO). A video shown on their website (https://poic-e- dinto rni. org/ this- is-
pedia tric- cipo) provides a window into the life of a child with VSCM, emphasizing that the
disease affects specifically bowel, bladder, and uterus. In this context, if nutritional needs are
met, infections are avoided, and abdominal distension is managed by ostomy, venting, and
careful attention to diet and medicines, children can live at home most of the time, attend
school, and pursue most of the activities of childhood. ‘POIC ¢ dintorni’ (https://poic-e- dinto
rni. org/) supports families affected by VSCM by sharing experiences, building a community
of families and providing them with guidance and financial assistance, increasing public
awareness about VSCM, and funding research. In Italy, ‘Uniti per la P.I.LP.O.” (www.
unitiperla pipo.it) PAO is another association with a similar aim to improve the lives of
children with pediatric CIPO (PIPO). In France, the ‘Association de POIC’ (https:// www.
assoc iation- poic. fr/) PAO was born to support research and help French-speaking families
affected by CIPO. Finally, in Europe, the ‘European Reference Network for Rare Diseases’
(ERN-RND) defines best practices for treatment for gastrointestinal congenital anomalies
(e.g., Hirschsprung disease, esophageal atresia, etc.), aimed at examining the transition to
adulthood, supporting patient registries, and providing affected people with access to expert
care.

Although known as one of the most recent and innovative strategies to support data collection
on rare diseases, ‘Citizen Science’ has not yet been applied to VSCM. This approach relies on
public volunteers to help science by collecting information and collaborating with scientists to
analyze and classify data. Another helpful tool that could support VSCM research is
‘biobanking,” an organized method of storing human biospecimens (blood, urine, tissue, cell
lines, DNA/RNA, iPSC, and other specimen types) and associated metadata, often
indispensable to foster research in the context of rare diseases. The organization and support
of Biobanks is not trivial. It is crucial to clearly define a priori how samples must be collected
and retrieved from the biobank, the governance rules, the plans for operational continuity
(long-term management), how to disseminate results, how to manage sample and data
protection compliantly to ELSI (Ethical, Legal, and Social Issues), access policies, informed
consent documents, material transfer agreements, and standard operating procedures. A
biobank must rely on a dedicated IT-infrastructure (database) to manage samples and
associated data, equipped with a user-friendly interface to make them available to the
scientific community. Since the amount of data linked to individual specimens determines the
value of the biological samples for future research, biobanks gain value if sample information
is connected to the medical records of the participants and their updated clinical data [71].
Carefully annotated human biospecimens stored in a biobank are invaluable not only for
human genetic research, but also to support a wide range of new scientific approaches to
advances in the field of such rare diseases. A virtuous example of biobanking is represented
by the Telethon Network of Genetic Biobank (TNGB), which interconnects 11 Italian Rare
Diseases Biobanks, hosting ~ 127,000 biospecimens from people affected with 950 genetic
diseases, available for distribution. More than 50,000 samples have been distributed to
national and international research groups resulting in > 700 scientific manuscripts [72].



Development of patient registries represents another crucial initiative to support research in
rare diseases. A registry is a collection of standardized information about a group of people
who share a condition [73]. Crucial issues in registry development include managing privacy
and protection of collected data, establishing governance rules for the registry, securing the
ongoing support from patient associations and from the medical community (e.g., hospital
administration). Patient involvement is recommended when developing registries to allow
building services based on real needs of affected individuals and to implement a totally
transparent path for the dissemination of information. The value returned to subjects by
collaborative network-based observational registries includes improved connections with their
network of specialists, and awareness of contributing to knowledge. The value of the registry
increases over time, although few registries are successful long term.

Finally, building alliances among medical providers, researchers, and families is crucial for
carrying out research of orphan diseases, improving outcomes, advocating for care and
research, and building partnerships to find better treatments. These alliances require clear
communication, defined roles, time dedicated to understand the culture of the partners, and
full disclosure of goals, methods, and the value added by partnerships.

Conclusions

VSCM is an understudied orphan disease that severely compromises the life of affected
individuals and their families. This report is based on proceeding of the first European Forum
on Visceral Myopathy (2022), attended by scientists and clinicians with expertise in this
disease. The meeting spearheaded the birth of a community and fostered new collaborations.
Over the past decade, we have learned a lot about VSCM genetics and can identify variants in
around 60% of affected individuals. These discoveries position us to build new model systems
and to find mechanism-based cures and treatments for these devastating diseases. Dedicated
VSCM biobanks or registries could have a tremendous impact on the study of this rare
disease. Collaboration among dedicated scientists across several different disciplines who are
willing to partner in international and multidisciplinary networks will likely yield significant
improvements over the next decade.
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