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Abstract

Congenital diarrhoeal disorders (CDDs) represent an evolving web of rare chronic enteropathies,
with a typical onset early in life. In many of these conditions, severe chronic diarrhoea represents
the primary clinical manifestation, whereas in others diarrhoea is only a component of a more
complex multi-organ or systemic disorder. Typically, within the first days of life, diarrhoea leads to
a life-threatening condition highlighted by severe dehydration and serum electrolyte abnormalities.
Thus, in the vast majority of cases appropriate therapy must be started immediately to prevent
dehydration and long-term, sometimes severe, complications. The number of well-characterized
disorders attributed to CDDs has gradually increased over the past several years, and many new
genes have been identified and functionally related to CDDs, opening new diagnostic and
therapeutic perspectives. Molecular analysis has changed the diagnostic scenario in CDDs, and led
to a reduction in invasive and expensive procedures. Major advances have been made in terms of
pathogenesis, enabling a better understanding not only of these rare conditions but also of more
common diseases mechanisms.
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Introduction

Congenital diarrhoeal disorders (CDDs) are a group of rare enteropathies characterized by a
heterogeneous aetiology with a typical early onset of symptoms. They are generally
monogenic disorders inherited in an autosomal recessive manner.X CDDs are challenging to
treat because of the severity of the clinical picture and the broad range of disorders in
differential diagnosis.2 Abnormal fluid transport might begin in utero, manifesting as
maternal polyhydramnios. Then, soon after birth, patients usually present with severe
diarrhoea that typically, within a few days, leads to severe dehydration and serum electrolyte
imbalance. In the vast majority of cases patients require hospitalization and a prompt
diagnosis.! The more severe forms of CDDs produce life-threatening chronic diarrhoea with
massive loss of fluids and intestinal failure requiring long-term parenteral nutrition. They are
associated with substantial mortality and morbidity and many patients undergo intestinal
transplantation procedures.! Rare, mild forms with subtle clinical signs might remain
undiagnosed until adulthood, by which time patients have developed irreversible
complications, as observed in some patients with congenital chloride diarrhoea who develop
renal dysfunction and gout as a consequence of a chronic contraction of the intravascular
space.2 Some CDDs can be treated with dietary modification, but in many cases chronic
nutritional support is required. The exact prevalence of CDDs remains to be established; it
differs among populations and geographical areas. A study from the Italian Society of
Pediatric Gastroenterology, Hepatology, and Nutrition estimated that autoimmune
enteropathy and microvillus inclusion disease (MVID) are the most common causes of
CDDs.?

Diarrhoea can be the result of secretory and/or osmotic or inflammatory mechanisms.*
Secretory diarrhoea is characterized by an increased electrolyte and water flux towards the
intestinal lumen, resulting from either inhibition of sodium chloride (NaCl) absorption by
villous enterocytes or an increase in chloride ion (CI) secretion by epithelial cells in the
crypts.4 An example of a predominant secretory diarrhoea is MVID.> Osmotic diarrhoea is
caused by the presence of nonassimilated nutrients in the gut, which drives fluid into the
lumen via osmotic forces.* An example of a pure form of osmotic diarrhoea is glucose-
galactose malabsorption, in which the unabsorbed monosaccharide reaching the colon
results in diarrhoea.® Inflammatory diarrhoea is caused by dysregulation of the immune
system leading to inflammatory infiltration and damage to the gut mucosa, as observed in
autoimmune enteropathy or in immune dysregulation polyendocrinopathy enteropathy X-
linked (IPEX) syndrome.

Evaluation of CDDs includes understanding the basic mechanism(s) responsible for disease.
However, the increasing number of conditions included within the CDDs group—together
with the fact that different conditions could be characterized by the same mechanism or that
different mechanisms could overlap in the same patient—might limit this approach.
Evolving knowledge of the pathogenesis of CDDs suggests the utility of a classification
system based on the main pathogenetic mechanism, which could help the approach to these
patients (Figure 1). This classification comprises four groups of disorders: one, defects in
digestion and absorption of nutrients and electrolytes; two, defects in enterocyte structure;
three, defects in enteroendocrine cell differentiation; and four, defects in intestinal immune-
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related homeostasis. This Review highlights new CDD entities and advances understanding
of functionally related genes that are opening new diagnostic and therapeutic perspectives.

Defects in digestion and absorption

This group includes the most abundant number of CDDs. They are conditions in which a
defect in one of the main mechanisms of digestion or transport of nutrients and electrolytes
leads to chronic diarrhoea. The prototypes of this group are glucose-galactose malabsorption
and congenital chloride diarrhoea,”:8 but new conditions have been described. No
histological or ultrastructural defects are generally observed in these patients at the gut level
(Table 1).

Familial diarrhoea syndrome

This condition has been described in 32 members of a Norwegian family, and is
characterized by early-onset chronic diarrhoea and meteorism (also known as tympanites).
Abdominal pain, dysmotility and IBD have been described in a subset of patients.9 Al
affected members have a heterozygous missense mutation (p.Ser840lle) in the GUCY2C
gene, which encodes the intestinal guanylate cyclase receptor for uroguanylin, guanylin and
heat-stable enterotoxins. Although this gain-of-function variant increases ligand-mediated
activation of guanylate cyclase and intracellular cyclic guanosine monophosphate (cGMP)
levels, basal levels are comparable to the wild-type receptor.® Elevated cGMP levels results
in activation of protein kinase GlI, leading to phosphorylation of the cystic fibrosis
transmembrane conductance regulator (CFTR) channel.19 This phosphorylation leads to
severe chronic secretory diarrhoea deriving from an efflux of CI- and water into the intestinal
lumen, with reduced sodium ion (Na+) absorption owing to inhibition of the Na*-H*
exchanger 3 (NHE3).11

DGAT1-deficiency-related diarrhoea

A rare null mutation in DGAT1 (which encodes acyl CoA:diacylglycerol acyltransferases 1)
has been reported in two infants, resulting in a CDD and protein losing enteropathy.12
DGATSs catalyse the final step of triglyceride synthesis. DGAT1 is expressed ubiquitously,
with highest expression in the gut. Animal models lacking DGAT1 have delayed fat
absorption with more fat reaching the distal gut. However, how DGAT1 deficiency causes
diarrhoea and protein losing enteropathy is still unclear. A possible explanation could be the
toxic role of excess diacylglycerols or fatty acids, which might act as bioactive signalling
lipids or via a detergent-like action.12

Defects in enterocyte structure

Typical histological and ultrastructural hallmarks characterize this group of severe disorders
that includes two main conditions: MVID,3:14 and congenital tufting enteropathy (CTE).1>
Syndromic diarrhoea, also known as phenotypic diarrhoea or tricho-hepato-enteric syndrome
(THE), is commonly included in this group, and is characterized by a wide range of
histological damage® (Table 2). Progresses in managing patients with parenteral nutrition
and intestinal transplantation have reduced the mortality rate of these conditions.
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Nevertheless, advances in genetics open new perspectives in understanding their
mechanisms and in the clinical approach.

Microvillus inclusion disease

The pathognomonic characteristic of MVID is loss of the apical brush border and the
formation of intracellular microvillus inclusions. These microvillus inclusions are observed
in ~10% of enterocytes at the villus tips, whereas normal brush borders are often present on
the enterocytes in the proximal part of the villus.1” These findings suggest that microvilli are
formed initially and that stabilization of initial cell polarity might represent a future target
for therapy in MVID. Most patients with early-onset MVID display inactivating mutations in
myosin Vb (MY05B).18 MYOS5B works as a dynamic tether for specific RAB small
GTPases (RAB8SA, RAB10, and RAB11) maintaining these proteins at their appropriate
subapical membrane localization. This interaction is crucial to maintain normal intestinal
epithelial cell polarity, apical trafficking and microvilli growth. Alterations in this
interaction, deriving from mutations in MYO5B, lead to a mucosa with decrements in
absorptive pathways and a leaky epithelium at the villus tips, which causes alterations in
both intercellular junctions and ion transport pathways necessary for adaptation through
transcellular pumps and channels.19:20 These concepts have been supported by the findings
of Knowles et al.,}” using a cellular model of MVID, they demonstrated that loss or
mutation in MYO5B causes uncoupling of RABs from MYO5B with an abnormal
localization of RAB8A and RAB11A throughout the cytoplasm.1” Uncoupling of MYO5B
from RABB8A promotes loss of microvilli, and a loss of interactions between RAB11A and
MYOS5B results in formation of microvillus inclusions.

Why MVID mutations lead to an enterocyte-specific effect as opposed to more global effects
is poorly understood, given that other highly polarized epithelial tissues seem unaffected by
the disease. In vertebrates, three isoforms of myosin V are recognized: MYO5A; MYO5B;
and MYO5C.2L All these isoforms can interact with RAB10 and RABSA, but only MYO5A
and MYO5B can bind to RAB11 family members.21 One possible explanation for the
severity of the intestinal features in patients with MVID is that MYO5A might compensate
for the loss of MYO5B in other polarized cell types and that low levels of MYO5A in
enterocytes make intestinal epithelial cells more vulnerable to loss or mutation of MYO5B.
20 Moreover, the mechanisms for establishing apical microvillar specializations might differ
in different polarized epithelial cells.2 In addition to chronic unremitting diarrhoea, patients
with MVID can also develop cholestatic liver disease that worsens after intestinal
transplantation. The origin of this condition has been related to altered MYO5B-RAB11A
interaction, defective bile salt export pump in hepatocytes, and increased ileal bile acid
absorption.22

Whole-exome sequencing of DNA from patients with MVID who have milder clinical
phenotypes permitting partial or complete weaning from parenteral nutrition, showed
homozygous truncating mutations in an apically targeted A-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) named syntaxin 3 (S7.X3).5 Syntaxin 3 acts as a
regulator of protein trafficking, vesicle fusion and exocytosis, and exerts a pivotal role in cell
polarity in the intestine, liver, kidney and stomach.® Interestingly, patients with mutations in
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syntaxin 3 binding protein 2 (STXBP2) causing familial haemophagocytic
lymphohistiocytosis type 5, have microvillus atrophy with clinical and histological findings
similar to MVID.23

Congenital tufting enteropathy

Patients affected by CTE show typical epithelial tufts that can be present from the duodenum
to the large intestine. The disorder has been linked to mutations in the epithelial cell
adhesion molecule gene (EPCAM). The EPCAM expression pattern varies along the crypt-
villus axis, with highest expression in the crypt epithelial and a decline in cells expressing
this protein at the top of the villi. EPCAM does not localize to the apical membrane, but is
abundant along the basolateral membranes where it regulates cellular adhesion and
proliferation.2 EpCAM is thus a pleiotropic molecule with an important role in initiation,
development, maintenance, repair and in the functioning of gut epithelia. In patients with
CTE, the phenotype associated with mutations of £PCAM gene is usually characterized by
isolated diarrhoea without associated extraintestinal symptoms, except for late-onset arthritis
in a subgroup of patients.2>

A second group of individuals with CTE characterized by mutations in SP/NT2 (which
encodes kunitz-type protease inhibitor 2 [also known as hepatocyte growth factor activator
inhibitor type 2, HAI-2]) have been identified. As with EpCAM, HAI-2 is a transmembrane
protein.25 This potent serine protease inhibitor is involved in epithelial regeneration, as well
as in the nr-kB and transforming growth factor (TGF)-B signalling pathways. Children with
SPINTZ variants present with a syndromic form of CTE, characterized by chronic diarrhoea,
associated with superficial punctate keratitis and choanal atresia, as well as other sporadic
abnormalities. These different but overlapping enterocyte abnormalities suggest that the two
disease-associated genes belong to distinct pathways both regulating cell adhesion and
cytoskeleton dynamics leading to the CTE phenotype.?®

Tricho-hepato-enteric syndrome

Patients with THE (also known as syndromic diarrhoea) present with chronic diarrhoea,
facial dysmorphism and hair abnormalities, which might or might not be associated with
other signs or symptoms, such as intrauterine growth retardation, immunodeficiency, skin
abnormalities, liver disease, congenital cardiac defects and platelet anomalies.1® Moderate to
severe villus atrophy with inconstant infiltration of mononuclear cells characterizes the
histological picture. THE is caused by a mutation in 77C37in 60% of cases and SK/VZL in
40% of the cases.2% No genotype-phenotype correlation can be made either with the
causative gene (77C37or SK/VZ2L) or the mutation type. TTC37 (tetratricopeptide repeat
protein 37; also called Ski3) is expressed in many tissues, including vascular endothelium,
lung and intestine, but not in the liver.26 TTC37 (Ski3) is a key component of the SKI
complex, a multiprotein complex required for exosome-mediated RNA surveillance.26
Subsequently, mutations in SK/VZ2L in a group of six individuals affected by typical THE
syndrome, but negative for 77C37mutations, have been described.2” The mutation types
suggest that the disease mechanism is SK/VZ2L loss-of-function of a cytoplasmic exosome
cofactor involved in various mRNA decay pathways and required for normal cell growth.2’
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The mechanism by which mRNA surveillance defects lead to various clinical symptoms
needs further investigation.18

Defects in enteroendocrine cell differentiation

These conditions are characterized by abnormal enteroendocrine cell development or
function and manifest as pure forms of congenital osmotic diarrhoea, associated or not with
other systemic endocrine abnormalities. The common feature of this group of CDDs is that
the genes encode either transcription factors that generate all or a subset of enteroendocrine
cells, or an endopeptidase expressed in all endocrine cells, which is therefore required for
the production of all active hormones (Table 3). Various knockout mouse models of each of
these genes are associated with early postnatal mortality and occasionally diarrhoea.28-30
Four genes are involved in this group of CDDs: NEUROG3; RFX6,; ARX; and PCSK1.

Enteric anendocrinosis

Studies in knockout mouse models have demonstrated that neurogenin-3 (encoded by
NEUROGS3; a basic helix-loop-helix transcription factor) is required and sufficient to drive
the development of enteroendocrine cells and B-cells in pancreatic islets.3! Children with
neurogenin-3 deficiency present with a severe paucity of enteroendocrine cells (enteric
anendocrinosis), and also develop insulin-dependent diabetes mellitus in early childhood,
but not other endocrine abnormalities.32

Mitchell-Riley Syndrome

Homozygous mutations of RFX6 are associated with a complex clinical phenotype
(Mitchell-Riley syndrome) highlighted by duodenal atresia, biliary abnormalities, neonatal
diabetes mellitus and malabsorptive diarrhoea.28 DNA-binding protein RFX6 (also known as
regulatory factor X 6; encoded by RFX6)is a winged-helix transcription factor that is
downstream of neurogenin-3 and is required for islet cell development and enteroendocrine
cell function.33 Unlike in children with neurogenin-3 deficiency, mutation of RFXGis
associated with normal enteroendocrine cell number. The intestinal atresia associated with
RFX6 mutations is probably related to a not yet fully characterized role of RFX6in the early
gut endoderm. Furthermore, although mouse studies suggest that DNA-binding protein
RFXG6 is exclusively expressed in enteroendocrine K-cells that express gastric inhibitory
polypeptide and others hormones, it remains uncertain if this subset of cells is depleted in
humans with DNA-binding protein RFX6 deficiency.34

Other defects of enteroendocrine cell differentiation

Mutations in the ARX gene—which encodes homeobox protein ARX (also known as
aristaless-related homeobox), a paired homeodomain transcription factor—are associated
with a complex clinical phenotype of X-linked mental retardation, seizures, lissencephaly,
abnormal genitalia and occasionally congenital diarrhoea.3®> The ARX gene is a downstream
target of neurogenin-3 and is expressed in a subset of enteroendocrine cells, including those
that express cholecystokinin, secretin and glucagon.29 More than 50% of patients with loss-
of-function ARX mutations have a polyalanine expansion that might account for the highly
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variable neurological and intestinal clinical phenotypes that are associated with this disorder.
36

All functional hormones produced by endocrine cells, including those in the gut, are
processed by a specific CaZ*-dependent serine endoprotease named proprotein convertase
1/3 (PC1/3; also known as neuroendocrine convertase 1) that converts prohormones into
their bioactive form.30 Homozygote loss-of-function mutations in PCSKZ (which encodes
PC1/3) have been associated with malabsorptive diarrhoea and other endocrinopathies
including adrenal insufficiency, hypothyroidism and hypogonadism.37:38 PC1/3 is also
expressed in the hypothalamic region that produces various central orexigenic hormones that
control appetite, and children with mutations in PCSK1 are extremely polyphagic. In a
cohort of children with this disorder (enteric dysendocrinosis), severe failure to thrive was
commonly found, and parenteral nutrition was required for the first several years of life.39-41
Interestingly, polyphagia induced by abnormalities in central processing of components of
the leptin signalling pathway results in moderate obesity beyond the first several years of life
despite chronic diarrhoea. These children also develop diabetes insipidus and growth
hormone deficiency, which distinguishes PCSK deficiency from other enteric
endocrinopathies. These findings suggest that enteric hormones might be particularly
important to facilitate nutrient absorption during infancy when caloric requirement (per body
weight) is at its highest.

Defects in intestinal immune homeostasis

Mutations in genes encoding proteins with relevant functions in intestinal immune-related
homeostasis can result in early-onset chronic diarrhoea. In these CDDs, diarrhoea can derive
from three main mechanisms: altered immune response against pathogens, inflammation or
lack of immune regulation. Depending on the type of underlying immunological defect, the
three mechanisms can variably contribute to clinical and histological manifestations.
Predominant autoimmune enteropathy can be recognized in patients with genetically
determined lack of specific immune regulatory mechanisms causing uncontrolled self-tissue
aggression or uncontrolled inflammation (Table 4).

IPEX syndrome

IPEX syndrome is the prototype genetic autoimmune enteropathy. It is due to a mutation in
the FOXP3 gene, which is an essential transcription factor for thymic-derived regulatory T
(Trea) cell function.*2 FOXP3* T cells are one of the main subset of CD4* Tgeg cells, and
are able to control undesirable effector-T-cell function. FOXP3 mutations are distributed
throughout the gene and are loss-of-function. As a consequence, Treg cells with mutated
FOXP3 normally differentiate in the thymus and can be detected in the peripheral blood and
tissues of patients with IPEX but are unable to suppress effector T cells. The early neonatal
onset and severity of IPEX enteropathy suggests that the damage is probably already
established during fetal life, independent of external environmental factors, such as nutrients
and gut microbiota. In addition to the intestinal architectural changes, anti-harmonin
antibodies are uniquely found in IPEX and have high diagnostic value.3 Harmonin is a
scaffold protein expressed by intestinal epithelial cells, but why it is specifically targeted in
patients with IPEX syndrome and not in patients with similar enteropathies and wild-type
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FOXP3, still has to be clarified. However, autoantibodies against target organs are abundant
in patients with IPEX, in whom Trgg-cell dysfunction is also associated with an increased
number of autoreactive B cells owing to altered peripheral B-cell tolerance influencing the
production of autoantibodies.*4

As well as being essential for Treg-cell function, FOXP3 is also transiently expressed by
any activated T cells, in which it controls the cell cycle and development of T helper (T)
cells.*® This factor adds further complexity to the pathogenesis of IPEX, in which intrinsic
impairment of the FOXP3 mutant effector-T-cell functions should be considered. Indeed,
patients with IPEX manifest lymphoproliferation, a higher frequency of T2 over Tyl cells
and increased levels of peripheral T cells producing I1L-17, a proinflammatory cytokine
frequently reported in autoimmune diseases. Interestingly, mucosa lymphocyte infiltration in
IPEX is predominantly by CD4* T cells, some of which express FOXP3.44 Gut-infiltrating
lymphocytes, isolated from biopsy samples of patients with IPEX and expanded in vitro, are
enriched with IL-17-producing cells that co-express FOXP3 (L. Passerini and R. Bacchetta
unpublished data). These cells could have a direct role in gut damage, whether they are
activated effector T cells producing IL-17 or Trgg cells that, because of the FOXP3
mutation, are unstable and gain effector functions.

Lentiviral-mediated overexpression of wild-type FOXP3 successfully conveys stable
regulatory function to FOXP3 mutant T cells,** opening new therapeutic perspectives for
patients with IPEX. Several patients with IPEX have been cured with haematopoietic stem
cell transplantation,#® but this approach is preferentially feasible in children with HLA-
matched donors (which are not always available). Gene correction of autologous stem cells
will hopefully become an option for patients with IPEX. Other therapeutic approaches—that
is, alternatives to multiple immunosuppression—could also be envisaged, aiming to re-
establish tolerance in a FOXP3-independent manner. For example, 1L-10 dependent type 1
regulatory T (Tr1) cells—which have an important role in peripheral regulation—can
differentiate in patients with IPEX despite the presence of FOXP3 mutation; therefore,
therapeutic interventions facilitating Trl differentiation that could restore immunoregulation
and antagonize inflammation could be envisaged. Interestingly, patients with IPEX who
have their FOXP3 mutations diagnosed late and with unusual clinical presentation, such as
gastritis or nephropathy, have been reported.#”-48 Whether this different phenotype is due to
the presence of hypomorphic mutation with residual protein function or due to the presence
of more efficient FOXP3-independent compensatory mechanisms of tolerance remains to be
clarified.

IPEX-like syndromes

These conditions are associated with mutations in genes other than FOXP3that are
important for Treg-cell maintenance, signalling and expansion.#? Mutations in CD25are
responsible for early-onset enteropathy resembling IPEX with autosomal recessive
inheritance. Given that interleukin-2 receptor subunit alpha (also known as CD25; encoded
by CDZ25)is essential not only for Treg-cell function but also to mount an appropriate
immune response, these patients also have an impaired ability to fight infections; the early-
onset enteropathy in these patients might be due to Cytomegalovirus infection, concomitant
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with the immune dysregulation. The majority of patients with an IPEX-like syndrome,
however, lack a clear diagnosis of the underlying mechanism of their disease. In at least a
group of these patients, a quantitative defect in FOXP3* Trgg cells is detected by measuring
the peripheral percentage of the Treg-specific DNA demethylated region (TSDR) of
FOXP3, but the underlying gene defects still has to be determined.

Mutations in STAT5B, responsible for transactivation of the I1L-2 signal from CD25 to
FOXP3, have been described associated with reduced number of Trgg cells.#? Children with
STAT5B (signal transducer and activator of transcription 5b) mutation have symptoms other
than enteropathy, such as growth failure and interstitial lung disease, that can help in
establishing the diagnosis. Early-onset chronic or recurrent enteropathy has also been
reported in patients with either loss-of-function or gain-of-function mutations in STATZ,
which also impinges effective immunity.30 Infections and progressive loss of T cells (both in
terms of number and function, including Trgg cells) is reported in patients with loss-of-
function mutations, whereas Treg-cell instability has been suggested as a consequence of
the gain-of-function variants, which is characterized by chronic mucocutaneous candidiasis.
49 A more predominant inflammatory imbalance has been described in an extended family
with recurrence of lymphoproliferation, inflammation and dysmorphisms, due to mutation in
/TCH, which encodes an ubiquitin ligase implicated in several T-cell functions.4®

An IPEX-like disorder (characterized by diarrhoea) with profound Treg-cell deficiency but
a normal FOXP3 gene sequence has been described with homozygous nonsense mutation in
the L RBA (lipopolysaccharide-responsive and beige-like anchor) gene.>152 Patients with
LRBA mutations were previously reported to have common variable immunodeficiencies
phenotype and autoimmunity.> Analysis of other patients with LRBA deficiency clearly
revealed Treg-cell deficiency, decreased Treg-cell markers, and impaired suppressive
function of Treg cells.>2

IL-10 or IL10R deficiency

IL-10 or I1L-10 receptor (IL-10R) response insufficiency is characterized by enterocolitis
with ulcerative lesions in the perianal area and in the intestinal mucosa.>3 Fistula and
abscesses can also be present, with recurrence requiring multiple surgical interventions.
Gene mutations in either /L10RB or /L 10RA (interleukin-10 receptor subunit alpha or beta)
abrogate response to IL-10, causing persistent colonic inflammation.>* Lack of STAT3
phosphorylation in response to IL-10 can be detected /n vitro and used as a first indication of
the disease cause.?® Several anti-inflammatory drugs have been used, but pharmacological
approaches only have limited efficacy. Haematopoietic stem cell transplantation has been
used successfully to cure the disease.56 Although studies of Tr1 cells in these patients have
not been directly performed, these disorders illustrate the essential role of 1L-10 in
controlling intestinal homeostasis.>’ Interestingly, independent genome studies have
demonstrated attenuated mutations in /L-10, ILI0RA, ILI0RBor in FOXP3in a few rare
patients with IBD. This confirms the nonredundancy of both regulatory pathways in the
intestine and the importance of considering genetic screening in the presence of early-onset
disease.”’
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Molecular diagnostics

In the past decade, the genes responsible for most CDDs have been identified (Tables 1-4).
The availability of DNA sequencing techniques, at reasonable cost, has greatly improved the
diagnostic approach to these conditions through the search for DNA mutations in samples
from blood cells or from amniocytes and chorionic villi (prenatal diagnosis). Molecular
genetics has become helpful to obtain early and unequivocal diagnoses in patients at an age
in which chronic diarrhoea might be due to a myriad of different disorders, thus permitting
rapid and targeted therapeutic strategies®® and reducing repetitive invasive and expensive
procedures. Furthermore, the identification of disease-causing mutations in the affected
proband along with family counselling can help to reveal asymptomatic carriers and to offer
future prenatal diagnosis.>®

Whether the type of mutation(s) can provide guidance as to the severity of the clinical
phenotype is still under discussion. In selected CDDs, such as congenital chloride diarrhoea,
the clinical expression is poorly related to the genotype and modifier genes might contribute
to modulate the phenotype. However, genotype might predict response to therapy. For
example, it has been demonstrated that specific SLC26A3 mutations that retain at least some
activity of the protein could predict a more pronounced effect of oral butyrate therapy.50

Although molecular genetics represents a relevant contribution to the multistep diagnostic
approach to CDDs, some critical points need to be discussed. In most genes responsible for
CDDs, mutations are detectable throughout the gene—with the exception of a few
conditions, such as congenital chloride diarrhoea, congenital lactase deficiency, sucrose-
isomaltase deficiency and MVID, in which, in some specific ethnic groups, only a few
mutations are implicated owing to a founder effect.! This finding suggests that sequencing
analysis of the whole coding region of the gene must be used to obtain a satisfactory
detection rate. For most CDDs, sequencing of the whole coding region of the gene is needed
to detect mutation(s) in up to 90% of affected alleles, but a few alleles remain
uncharacterized. However, sequencing frequently reveals novel mutations and in some cases
(for example, missense mutations) it might be difficult to be certain of their pathogenic
effect, hampering our ability to provide family counselling with certainty. In these cases,
international repositories of mutations might help laboratories involved in performing
molecular genetics, but such databases are not available for all CDDs. Data obtained in large
series of healthy individuals from the same ethnic group might help to elucidate if a genetic
variant is a benign polymorphism with a high frequency in the general population. The 1000
Genomes Project8? will address some of these concerns. More complex in vitro functional
studies are required to assess the effect of mutations of uncertain clinical significance, but
such studies are rarely performed in a routine setting.

Conclusions

We are observing a substantial improvement in understanding the evolving web of CDDs.
Major advances have been made in terms of pathogenesis, enabling a better understanding
not only of these rare conditions but also of more common diseases. Although the list of
CDDs is continuously expanding, findings from both experimental models and human data
are leading to improved diagnostic and therapeutic strategies (Box 1). Development of a
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procedure to propagate 3D ‘enteroids’ from human intestinal stem cells is providing exciting
new research perspectives for research and therapy by increasing our understanding of
human intestinal pathophysiology, developmental biology and regenerative medicine.62 A
3D culture of intestinal stem cells (organoids) derived from duodenal biopsy specimens from
patients with MVID has been developed, which recapitulates most typical morphological
features of the disease.?

Molecular genetics will further change the diagnostic scenario in CDDs. The availability of
massive sequencing techniques is leading to the identification of novel disease-genes,
improving our understanding of the pathophysiology of CDDs and the development of
targeted therapies. Indeed, haematopoietic stem cell transplantation is becoming a valid
therapeutic option for several defects in intestinal immune-related homeostasis.®3 Novel
gene therapy approaches using homing endonucleases, including TALENS (transcription
activator-like effector nucleases) or CRISPR/Cas9 (clustered regularly interspaced short
palindromic repeats/CRISPR associated protein 9), or other technologies could also be
pursued.® Furthermore, sequencing will be extended to noncoding, regulatory regions of
disease-genes such as the promoter,5° introns and the 3’ untranslated regions,56 increasing

the detection rate of mutations and opening up the possibility of further molecular therapies.
67

Long-term studies should be encouraged to provide more insights on the prognosis of these
conditions. For example, in CTE an increased chance of weaning off parenteral nutrition
with increasing age has been demonstrated—ranging from 10% chance at the age of 10
years to 40% at the age of 10—20 years.58 This finding suggests that intestinal transplantation
should be avoided if possible. Given the number of CDDs, the complexity of genotype-
phenotype correlations and the need for multidisciplinary counselling to families, a strict
collaboration between physicians and molecular laboratories within international networks
could be useful to limit the creation of orphan diseases. Some examples of this are the
MVID Patient Registry®° (dedicated to all clinicians and scientists working in the fields of
MVID and the MY05B gene), the Congenital Diarrheal Disorders website”® and the IPEX
syndrome consortium,’! with the aim of providing rapid access to molecular analysis and
other diagnostic procedures for patients with suspected CDDs.

Acknowledgements

Grants from Regione Campania, DGRC 1901/09 and Agenzia Italiana del Farmaco (AIFA) MRARO8WO002 (to
R.B.C.), and from NIDDK (#DK083762), and CIRM (RT2-01985) (to M.G.M.) and Italian Telethon Foundation
(TGT11A4) (to R.B.) are gratefully acknowledged. The authors thank V. Pezzella for help on text editing.

References

1. Berni Canani R, Terrin G Recent progress in congenital diarrheal disorders. Curr. Gastroenterol.
Rep. 13, 257-264 (2011). [PubMed: 21494839]

2. Abou Ziki MD & Verjee MA Rare mutation in the SLC26A3 transporter causes life-long diarrhoea
with metabolic alkalosis. BMJ Case Rep. bcr2014206849 (2015).

3. Passariello A et al. Diarrhea in neonatal intensive care unit. World J. Gastroenterol. 16, 2664—-2668
(2010). [PubMed: 20518089]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2020 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Canani et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Page 12

. Pezzella V et al. Investigation of chronic diarrhoea in infancy. Early Hum. Dev. 89, 893-897 (2013).

[PubMed: 24021917]

. Wiegerinck CL. et al. Loss of syntaxin 3 causes variant microvillus inclusion disease.

Gastroenterology 147, 65-68 (2014). [PubMed: 24726755]

. Xin B & Wang H Multiple sequence variations in SLC5A1 gene are associated with glucose-

galactose malabsorption in a large cohort of Old Order Amish. Clin. Genet. 79, 86-91 (2011).
[PubMed: 20486940]

. Berni Canani R, Terrin G, Cardillo G, Tomaiuolo R & Castaldo G Congenital diarrheal disorders:

improved understanding of gene defects is leading to advances in intestinal physiology and clinical
management. J. Pediatr. Gastroenterol. Nutr. 50, 360-366 (2010). [PubMed: 20216094]

. Terrin G et al. Congenital diarrheal disorders: an updated diagnostic approach. Int. J. Mol. Sci. 13,

4168-4185 (2012). [PubMed: 22605972]

. Fiskerstrand T et al. Familial diarrhea syndrome caused by an activating GUCY2C mutation. N.

Engl. J. Med. 366, 1586-1595 (2012). [PubMed: 22436048]

Basu N, Arshad N & Visweswariah SS Receptor guanylyl cyclase C (GC-C): regulation and signal
transduction. Mol. Cell. Biochem. 334, 67-80 (2010). [PubMed: 19960363]

Li C & Naren AP CFTR chloride channel in the apical compartments: spatiotemporal coupling to
its interacting partners. Integr. Biol. (Camb.) 2, 161-177 (2010). [PubMed: 20473396]

Haas JT et al. DGAT1 mutation is linked to a congenital diarrheal disorder. J. Clin. Invest. 122,
4680-4684 (2012). [PubMed: 23114594]

Halac U et al. Microvillous inclusion disease: how to improve the prognosis of a severe congenital
enterocyte disorder. J. Pediatr. Gastroenterol. Nutr. 52, 460-465 (2011). [PubMed: 21407114]

van der Velde KJ et al. An overview and online registry of microvillus inclusion disease patients
and their MYO5B mutations. Hum. Mutat. 34, 1597-1605 (2013). [PubMed: 24014347]

Schnell U et al. Absence of cell-surface EpCAM in congenital tufting enteropathy. Hum. Mol.
Genet. 22, 2566-2571 (2013). [PubMed: 23462293]

Fabre A et al. Syndromic (phenotypic) diarrhoea of infancy/tricho-hepato-enteric syndrome. Arch.
Dis. Child. 99, 35-38 (2014). [PubMed: 24108068]

Knowles BC et al. Myosin Vb uncoupling from RAB8A and RAB11A elicits microvillus inclusion
disease. J. Clin. Invest. 124, 2947-2962 (2014). [PubMed: 24892806]

Ruemmele FM et al. Loss-of-function of MYOS5B is the main cause of microvillus inclusion
disease: 15 novel mutations and a CaCo-2 RNA.i cell model. Hum. Mutat. 31, 544-551 (2010).
[PubMed: 20186687]

Thoeni C & Cutz E Pediatric and perinatal pathology: SY21-23 recent advances in molecular
pathology of microvillous inclusion disease (MVID). Pathology 46 (Suppl. 2),S34 (2014).
Kravtsov D et al. Myosin 5b loss of function leads to defects in polarized signalling: implication
for microvillus inclusion disease pathogenesis and treatment. Am. J. Physiol. Gastrointest. Liver
Physiol. 307, G992-G1001 (2014). [PubMed: 25258405]

Rodriguez OC & Cheney RE Human myosin-Vc is a novel class VV myosin expressed in epithelial
cells. J. Cell Sci. 115, 991-1004 (2002). [PubMed: 11870218]

Girard M et al. MYOS5B and bile salt export pump contribute to cholestatic liver disorder in
microvillus inclusion disease. Hepatology 60, 301-310 (2014). [PubMed: 24375397]

Stephensky P et al. Persistent defective membrane trafficking in epithelial cells of patients with
familial hemophagocyticlymphohistiocytosis type 5 due to STXBP2/MUNC18-12 mutations.
Pediatr. Blood Cancer 60, 1215-1222 (2013). [PubMed: 23382066]

Kozan PA et al. Mutation of EpCAM leads to intestinal barrier and ion transport dysfunction. J.
Mol Med. (Berl.) 10.1007/s00109-014-1239-x.

Salomon J et al. Genetic characterization of congenital tufting enteropathy: epcam associated
phenotype and involvement of SPINT2 in the syndromic form. Hum. Genet. 133, 299-310 (2014).
[PubMed: 24142340]

Fabre A et al. Novel mutations in TTC37 associated with tricho-hepato-enteric syndrome. Hum.
Mutat. 32, 277-281 (2011). [PubMed: 21120949]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2020 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Canani et al.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Page 13

Fabre A et al. SKIV2L mutations cause syndromic diarrhea, or trichohepatoenteric syndrome. Am.
J. Hum. Genet. 90, 689-692 (2012). [PubMed: 22444670]

Smith SB et al. Rfx6 directs islet formation and insulin production in mice and humans. Nature
463, 775-780 (2010). [PubMed: 20148032]

Du A et al. Arx is required for normal enteroendocrine cell development in mice and humans. Dev.
Biol. 365, 175-188 (2012). [PubMed: 22387004]

Zhu X et al. Disruption of PC1/3 expression in mice causes dwarfism and multiple neuroendocrine
peptide processing defects. Proc. Natl Acad. Sci. USA 99, 10293-10298 (2002). [PubMed:
12145326]

Gradwohl G, Dierich A, LeMeur M & Guillemot F Neurogenin3 is required for the development of
the four endocrine cell lineages of the pancreas. Proc. Natl Acad. Sci. USA 97, 1607-1611 (2000).
[PubMed: 10677506]

Wang J et al. Mutant neurogenin-3 in congenital malabsorptive diarrhea. N. Engl. J. Med. 355,
270-280 (2006). [PubMed: 16855267]

Murtaugh LC Pancreas and beta-cell development: from the actual to the possible. Development
134, 427-438 (2007). [PubMed: 17185316]

Suzuki K et al. Transcriptional regulatory factor X6 (Rfx6) increases gastric inhibitory polypeptide
(GIP) expression in enteroendocrine K-cells and is involved in GIP hypersecretion in high fat
dietinduced obesity. J. Biol. Chem. 288, 1929-1938 (2013). [PubMed: 23192339]

Kitamura K et al. Mutation of ARX causes abnormal development of forebrain and testes in mice
and X-linked lissencephaly with abnormal genitalia in humans. Nat. Genet. 32, 359-369 (2002).
[PubMed: 12379852]

Lee K, Mattiske T, Kitamura K, Gecz J & Shoubridge C Reduced polyalanine-expanded Arx
mutant protein in developing mouse subpallium alters Lmo1 transcriptional regulation. Hum. Mol.
Genet. 23, 1084-1094 (2014). [PubMed: 24122442]

Jackson RS et al. Obesity and impaired prohormone processing associated with mutations in the
human prohormone convertase 1 gene. Nat. Genet. 16, 303-306 (1997). [PubMed: 9207799]
O’Rahilly S et al. Brief report: impaired processing of prohormones associated with abnormalities
of glucose homeostasis and adrenal function. N. Engl. J. Med. 333, 1386-1390 (1995). [PubMed:
7477119]

Martin MG et al. Congenital proprotein convertase 1/3 deficiency causes malabsorptive diarrhea
and other endocrinopathies in a pediatric cohort. Gastroenterology 145, 138-148 (2013).
[PubMed: 23562752]

Bandsma RH et al. From diarrhea to obesity in prohormone convertase 1/3 deficiency: age-
dependent clinical, pathologic, and enteroendocrine characteristics. J. Clin. Gastroenterol. 47,
834-843 (2013). [PubMed: 24135795]

Yourshaw M et al. Exome sequencing finds a novel PCSK1 mutation in a child with generalized
malabsorptive diarrhea and diabetes insipidus. J. Pediatr. Gastroenterol. Nutr. 57, 759-767 (2013).
[PubMed: 24280991]

Barzaghi F, Passerini L & Bacchetta R Immune dysregulation, polyendocrinopathy, enteropathy, x-
linked syndrome: a paradigm of immunodeficiency with autoimmunity. Front. Immunol. 3, 211
(2012). [PubMed: 23060872]

Lampasona V et al. Autoantibodies to harmonin and villin are diagnostic markers in children with
IPEX syndrome. PLoS ONE 8, e78664 (2013).

Passerini L et al. CD4™ T cells from IPEX patients convert into functional and stable regulatory T
cells by FOXP3 gene transfer. Sci. Transl. Med. 5, 215ral74 (2013).

McMurchy AN et al. A novel function for FOXP3 in humans: intrinsic regulation of conventional
T cells. Blood 121, 1265-1275 (2013). [PubMed: 23169781]

Horino S et al. Selective expansion of donorderived regulatory T cells after allogeneic bone
marrow transplantation in a patient with IPEX syndrome. Pediatr. Transplant. 18, E25-E30 (2014).
[PubMed: 24224516]

Scaillon M et al. Severe gastritis in an insulin-dependent child with an IPEX syndrome. J. Pediatr.
Gastroenterol. Nutr. 49, 368-370 (2009). [PubMed: 19633572]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2020 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Canani et al.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

Page 14

Hashimura Y et al. Minimal change nephrotic syndrome associated with immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome. Pediatr. Nephrol. 24, 1181-1186 (2009).
[PubMed: 19189134]

Verbsky JW & Chatila TA Immune dysregulation, polyendocrinopathy, enteropathy, X-linked
(IPEX) and IPEX-related disorders: an evolving web of heritable autoimmune diseases. Curr.
Opin. Pediatr.25, 708-714 (2013). [PubMed: 24240290]

Liu L et al. Gain-of-function human STAT1 mutations impair IL-17 immunity and underlie chronic
mucocutaneous candidiasis. J. Exp. Med. 208, 1635-1648 (2011). [PubMed: 21727188]

Alangari A et al. LPS-responsive beige-like anchor (LRBA) gene mutation in a family with
inflammatory bowel disease and combined immunodeficiency. J. Allergy Clin. Immunol. 130,
481-488 (2012). [PubMed: 22721650]

Charbonnier LM et al. Regulatory T-cell deficiency and immune dysregulation,
polyendocrinopathy, enteropathy, X-linked-like disorder caused by loss-of-function mutations in
LRBA. J. Allergy Clin. Immunol. 135, 217-227 (2015). [PubMed: 25468195]

Glocker EO et al. Inflammatory bowel disease and mutations affecting the interleukin-10 receptor.
N. Engl. J. Med. 361, 2033-2045 (2009). [PubMed: 19890111]

Zigmond E et al. Macrophage-restricted interleukin-10 receptor deficiency, but not IL-10
deficiency, causes severe spontaneous colitis. Immunity 40, 720-733 (2014). [PubMed: 24792913]
Shouval DS et al. Interleukin-10 receptor signalling in innate immune cells regulates mucosal
immune tolerance and anti-inflammatory macrophage function. Immunity 40, 706719 (2014).
[PubMed: 24792912]

Engelhardt KR et al. Clinical outcome in 1L-10-and IL-10 receptor-deficient patients with or
without hematopoietic stem cell transplantation. J. Allergy Clin. Immunol. 131, 825-830 (2013).
[PubMed: 23158016]

Bacchetta R et al. Immunological outcome in haploidentical-HSC transplanted patients treated with
IL-10-anergized donor T cells. Front. Immunol. 5, 16 (2014). [PubMed: 24550909]

Castaldo G, Lembo F & Tomaiuolo R Molecular diagnostics: between chips and customized
medicine. Clin. Chem. Lab. Med. 48, 973-982 (2010). [PubMed: 20441468]

Maruotti GM et al. Prenatal diagnosis of inherited diseases: 20 years’ experience of an Italian
Regional Reference Centre. Clin. Chem. Lab. Med. 51, 2211-2217 (2013). [PubMed: 23612671]

Berni Canani R et al. Genotype-dependency of butyrate efficacy in children with congenital
chloride diarrhea. Orphanet. J. Rare Dis. 8, 194 (2013). [PubMed: 24350656]

1000 Genomes. 1000 Genomes [online], http://www.1000genomes.org/ (2014).

Lancaster MA & Knoblich JA Organogenesis in a dish: modeling development and disease using
organoid technologies. Science 345, 1247125 (2014).

Passerini L, Sio FR, Porteus MH & Bacchetta R Gene/cell therapy approaches for immune
dysregulation polyendocrinopathy enteropathy X-linked syndrome. Curr. Gene Ther. 14, 422-428
(2014). [PubMed: 25274247]

Agne M et al. Modularized CRISPR/dCas9 effector toolkit for target-specific gene regulation. ACS
Synth. Biol. 3, 986-989 (2014). [PubMed: 25524106]

Giordano S et al. Molecular and functional analysis of the large 5 promoter region of CFTR gene
revealed pathogenic mutations in CF and CFTR-related disorders. J. Mol. Diagn. 15, 331-340
(2013). [PubMed: 23470247]

Amato F et al. Gene mutation in microRNA target sites of CFTR gene: a novel pathogenetic
mechanism in cystic fibrosis? PLoS ONE 8, e60448 (2013).

Amato F et al. Design, synthesis and biochemical investigation, by in vitro luciferase report
system, of peptide nucleic acids as a new inhibitors of mirR-509-3p involved in the regulation of
cystic fibrosis disease-gene expression. Med. Chem. Comm. 5, 68-71 (2014).

Ashworth I, Wilson A, Hii M, Macdonald S & Hill S Long-term outcome of intestinal epithelial
cell dysplasia/tufting enteropathy. J. Pediatr. Gastroenterol. Nutr. 58, 239 (2014).

International Microvillus Inclusion Disease (MVID) Patient Registry. International Microvillus
Inclusion Disease (MVID) Patient Registry [online],http://www.mvid-central.org/molgenis.do?
target=main&select=Home.

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2020 October 30.


http://www.1000genomes.org/
http://www.mvid-central.org/molgenis.do?target=main&select=Home
http://www.mvid-central.org/molgenis.do?target=main&select=Home

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Canani et al. Page 15

70. Congenital Diarrheal Disorders. CongenitalDiarrhealDisorders.net [online], http://
www.congenitaldiarrhealdisorders.net/.

71. IPEX Syndrome Consortium. IPEX Syndrome Consortium [online], http://
www.ipexconsortium.org/.

72. Baum M et al. Nucleotide sequence of the Na*/ H* exchanger-8 in patients with congenital sodium
diarrhea. J. Pediatr. Gastroenterol. Nutr. 53, 474-477 (2011). [PubMed: 21666503]

73. Walters JRF Bile acid diarrhoea and FGF19: new views on diagnosis, pathogenesis and therapy.
Nat. Rev. Gastroenterol. Hepatol. 11, 426-434 (2014). [PubMed: 24662279]

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2020 October 30.


http://www.congenitaldiarrhealdisorders.net/
http://www.congenitaldiarrhealdisorders.net/
http://www.ipexconsortium.org/
http://www.ipexconsortium.org/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Canani et al.

Page 16

Box 1 |
Treatments for congenital diarrhoeal disorders
Defects in absorption and transport of nutrients and electrolytes
. Nutrition therapy (exclusion diet, special formulae)
. Substitutive therapy (salts, Zn2*)
. Parenteral nutrition

Defects in enterocyte structure

. Total parenteral nutrition
. Antisecretory drugs
. Intestinal transplantation

Defects in enteroendocrine cell differentiation

. Total parenteral nutrition that can be weaned beyond 2 years of age
Defects in intestinal immune-related homeostasis

. Total parenteral nutrition and hormone replacement therapy

. Immunosuppressive and immunomodulatory drugs (corticosteroids,
cyclosporine, azathioprine, 6-mercaptopurine, tacrolimus, mycophenolate
mofetil, sirolimus, infliximab, rituximab)

. Bone marrow transplantation
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Key points

Congenital diarrhoeal disorders (CDDs) are a group of rare inherited
enteropathies with a typical onset early in the life

These disorders are challenging clinical conditions because of the severity of
the clinical picture and the broad range of diseases in differential diagnosis

To simplify the approach to these conditions, a classification in four groups
according to the main pathogenetic mechanism has been proposed

The number of conditions included within the CDDs group has gradually
increased, and many new genes have been identified, opening new diagnostic
and therapeutic perspectives

Clinically actionable molecular methods to diagnosis CDDs, and other
monogenic disorders, have markedly improved in recent years

Continued research is focused on identifying novel CDDs, and to define in
detail the pathogenesis of established disorders that might provide novel
therapeutic options to ameliorate morbidity and mortality
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Review criteria

A literature search of the PubMed database was performed with the following search
terms: “chronic diarrhea”; “congenital diarrheal disorders”; and the name of all
congenital diarrheal disorders. Clinical cases, case series, reviews and research articles
were analysed for this Review, with particular focus on manuscripts published in the past
5 years. Abstracts accepted for the 2014 ESPGHAN Meeting (published in the Journal of
Pediatric Gastroenterology and Nutrition, June 2014) were also reviewed.
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from defects in ion and solute
transporters or enzymatic activities

o
C

Uq@

Defects in enterocyte structure
Chronic secretory diarrhoea derives
from cytoskeleton dysregulation
leading to alterations in enterocyte
structure and function

MOQRDRRNM

| Defects in intestinal immune-related
homeostasis

Chronic secretory diarrhoea derives
from immune dysregulation leading to
inflammation and mucosal damage

0@00

O)575

Defects in enteroendocrine cell
Enteroendocrine differentiation

cell Chronic osmotic diarrhoea derives
from enteroendocrine cell dysgenesis,
due to defects in the stem cell
differentiation process

Stem cell
Paneth cell

Figure 1|.
The evolving knowledge in congenital diarrhoeal disorders pathogenesis suggests a new
classification that could help the therapeutic approach to these conditions.
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