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Introduction

Necrotizing enterocolitis (NEC) is an emergency affecting the bowel in neonates, most often
in Very Low Birth Weight (VLBW) premature newborns. The incidence of NEC in VLBW
infants approaches and sometimes exceeds 10% in neonatal intensive care units around the
world [1]. This incidence has not significantly changed in the past two decades. However,
with improved survival of extremely premature newborns over the past few decades, the
prevalence of NEC and its complications have increased [2]. NEC can be often managed
medically, but 20-40% of infants need surgical management [3]. Infants that require
surgical intervention are at higher risk of mortality and longer-term morbidity including
complications such as stoma prolapse or stricture, short bowel syndrome, and impaired long-
term growth and neurodevelopmental outcomes [4, 5].

Despite a high volume of research in clinical as well as laboratory settings, we still possess
only a limited understanding of the pathophysiological mechanisms of this devastating
illness. Multiple etiologic factors including immaturity of the preterm newborn intestinal
tract, formula feeding, infections, and ischemia have been associated with NEC. A
combination of these risk factors, perhaps based on genetic predisposition, possibly lead to
the mucosal and epithelial injury that is the initiating event of NEC. Intestinal epithelial
integrity depends on a fine balance between proliferation and differentiation of epithelium
from intestinal stem cells (ISC) that line the intestinal crypts and cellular loss by apoptosis
near the villi tips. Signaling mediated by a variety of pathways plays a key role in creating
and maintaining this balance and also in creating a mucosal barrier that serves to reinforce
intestinal epithelial integrity. The aim of this article is to provide an in-depth review of
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intestinal epithelial barrier development and structure, and how they are affected by
inflammatory signaling and regulatory pathways, leading to NEC.

Development of the intestinal barrier

Early embryonic development

Containment of absorption from the environment in a closed tube was a key evolutionary
step in the development of multicellular organisms. The formation of a specialized digestive
organ allowed the development of other cells into additional specialized organ systems. This
is unlike primitive organisms, which cannot regulate their absorptive surface. Similar to
most epithelial surfaces in vertebrates, the epithelium of the small intestine is derived from
the endoderm. Exposure to the TGF-p related growth factor, Nodal and Sox-2 allows
endodermal cells to express Hhex thereby becoming committed to the anterior endoderm.
Conversely, cdx-2 expression in the posterior endoderm leads to upregulation of
transcriptional factors that are required for intestinal development, resulting in the
development of small and large intestines [6, 7]. After successive transformations through
pseudostratified squamous epithelium and stratified epithelium to the more mature columnar
epithelium, cells begin to undergo differentiation accompanied by villus and secondary
lumen formation. Combined with mesenchymal condensation and proliferation this process
leads to the development of the crypt-villus units, as the basic building blocks of the small
intestinal epithelium. In the large intestine, villi are absent and mature colonocytes form the
colonic surface epithelium instead. Significant mesenchymal-endodermal interactions occur
throughout the process of intestinal development. Endodermal derived PDGF and Hedgehog
signals (mediated by the FoxL1 transcription factor) induce mesenchymal growth into
nascent villi, and in turn, mesenchyme-derived signaling pathways such as Wnt/p-catenin-
Tcf3 and BMP initiate development and differentiation of the epithelial cells [8, 9].
Scattered islands of proliferating cells become more organized in inter-villus spaces, and
provide niches populated by precursor stem cells to form the intestinal crypts of Lieberkuhn.
Wnt and BMP signaling pathways also play important roles in crypt development —
inhibition of these pathways leads to disordered and abnormal crypt formation.

Cellular differentiation

In the small intestine, crypt base columnar (CBC) stem cells produce progenitor cells that
develop into epithelial cells of various types. Initial formation of villi is associated with the
first visible signs of epithelial differentiation into absorptive enterocytes, and secretory
goblet and enterochromaffin cell types. Crypt development leads to the emergence of
another distinctive intestinal secretory epithelial cell type called the Paneth cells, which play
a central role in various functions of the Gl tract. Numerous signaling pathways and
transcription factors have been identified to be involved in the intricate mechanisms that
underlie intestinal epithelial cell differentiation.

Following a cycle of self-renewing asymmetrical division and one or more subsequent
transit amplifications steps in the crypt stem cell niche, newly formed intestinal epithelial
cells differentiate into at least seven different cell types. Of these seven, five are relatively
well characterized and two remain to be relatively obscure. The five relatively well
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characterized members are enterocytes, goblet cells, Paneth cells, enteroendocrine cells and
M cells, whereas the more obscure members are the cup cells and tuft cells. As shown in
figure 1, CBC cells produce progenitor cells that are variably induced by atonal
homologue-1 (atohl) or hairy enhances of split-1 (hesl) to differentiate into the various
secretory cell types or into absorptive enterocytes respectively [10, 11]. Both Atoh-1 and
Hes-1 repress and regulate each other. Atoh1 allows intestinal expression of the
Neurogenin3 (neurog3) transcription factor that induces differentiation of enteroendocrine
cells. Growth factor independent factor 1 (gfl) inhibits this pathway to permit differentiation
into goblet/Paneth cells, a pathway that is modulated by the SAM pointed domain
containing ets transcription factor (spdef) [12]. Thus relative functional activity of the
neurog3/gfl factors decides allocation of cell fates between these alternate pathways of
differentiation. Other transcription factors and proteins have also been implicated - SRY-box
containing gene 9 (Sox9) and CDX-2 (a homeobox transcription factor) in the formation and
proliferation of the Paneth cell population, Forkhead box protein Al and A2 (FOXAL,
FOXAZ2) in goblet and enteroendocrine cell differentiation, and Kruppel-like factor 4 (KIf4)
in goblet cell development [13-15]. Hes1 also induces differentiation of absorptive
enterocytes. Absorptive enterocytes are poorly developed in E47-like factor 3 (EIf3) knock-
out (KO) mice indicating EIf3’s importance in enterocyte development [16, 17]. Notch
signaling pathways play a very important role in intestinal epithelial cell differentiation, and
both Atohl and Hes1 activity are regulated by Notch ligands such as DII1 and DIl4. Loss of
Notch activity leads to conversion of intestinal epithelial cells into goblet cells [18]. TLR4
signaling via Notch is increased in intestinal tissue samples from patients with NEC, and
numbers of goblet cells were reduced [19]. Additionally, TLR4 signaling-dependent Notch
signaling suppresses goblet cell differentiation, and this mechanism was required for
induction of experimental NEC in mice [20] indicating that these mechanisms have
significant roles in the pathogenesis of NEC.

The basic structure of the epithelium is laid down by the end of the first trimester. Goblet
cells, enteroendocrine cells and absorptive cells with microvilli are seen starting from 8
weeks. The crypt-villus axis is established around this time, and villi begin to develop in a
proximal-distal fashion around 10-12 weeks of gestation. Mature crypts appear at 12 — 19
weeks. Intercellular tight junctions (although not fully functional yet) become detectable by
10-12 weeks but mature enterocytes develop only by 22 weeks. Goblet cells start producing
mucin by 12 weeks [21]. Paneth cells are seen after week 12 and start producing defensins
by week 13. The intestinal immune system with functional Peyer’s patches becomes
established by week 20, but becomes fully mature only after 29 weeks of gestation [22]. The
premature newborn intestinal barrier therefore contains most of the structural elements that
make up the mature anatomic intestinal barrier, but many of these components are still
functionally immature. The immature barrier is permeable to macromolecules that allows for
exchange of bioactive molecules between the amniotic fluid and fetus in utero [23]. This
excess permeability needs to be abolished quickly after birth to prevent entry of noxious and
injurious stimuli [24]. This happens in term infants in the first postnatal week and is
augmented by breast milk and probiotics [25, 26]. Preterm infants replicate this
phenomenon, but in a less efficient pattern, i.e. infants at 26-29 weeks GA were shown to
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exhibit normal levels of permeability soon after birth similar to term infants, but this
changes around 3-4 weeks of life when their gut permeability increases temporarily to fetal
levels for unknown reasons. Its intriguing that this happens around the clinically expected
peak period for incidence of NEC [27]; exploring the significance and mechanisms behind
these permeability changes may be key to preventing NEC.

Structure of the intestinal barrier

Humans are exposed to and interact with diverse antigens and numerous microorganisms
every day of their existence. As the largest mucosal surface and immune organ system in the
human body, the gastrointestinal tract plays a very important role in interfacing humans with
their environment. Maintenance of intestinal mucosal integrity prevents entrance or
absorption of harmful microbes and toxins; however, the epithelial barrier must also allow
sufficient and selective permeability, as well as provide active transport, in order to absorb
and retain nutrients. Intestinal epithelial structure and the contribution of its cellular,
junctional and non-cellular elements (active transport processes, passive permeability and
synthesis and secretion of bioactive components) to the creation of this balanced and
complex luminal barrier are reviewed below along with potential disturbances in these
elements that can lead to NEC.

Cellular Elements

The intestinal epithelial lining is made up of a single layer of multiple cell types, all derived
from the ISCs. These mucosal cells serve multiple functions: nutrient absorption, preventing
entry of pathogenic organisms and unprocessed antigens, innate inflammatory signaling,
secretion of molecules that contribute to the mucosal barrier, antigen presentation to
underlying immune cells, and production of endocrine signaling molecules. Portions of the
epithelial layer that are immediately adjacent to the mucosa associated lymphoid tissue
(MALT), such as Peyer’s patches, have their own crypt cells that differentiate into M-cells
and columnar epithelial cells which cover the surface of this specialized lymphoid tissue.

Absor ptive enterocytes make up 80% of the intestinal epithelial cells. While their major
function is absorption of nutrients, they are also responsible for maintenance of the intestinal
barrier. Similar to all other epithelial cell types, a principal characteristic of enterocytes is
cellular polarity. Their membranes are divided into apical and basal/lateral or basolateral
domains, separated from each other by the tight junction. This polarity is generated and
maintained by specialized membrane trafficking routes and compartments (reviewed by
Roignot et al) [28]. The apical plasma membrane has a specialized lipid composition, and
includes transporters, receptors and enzymes that are unique to this domain and enable it to
perform its specialized functions. Additionally, the apical plasma membrane forms
microvilli (“brush border”) that lie underneath the mucous layer and increase the overall
absorptive surface multifold. They also organize the overlying epithelial lining fluid and
mucin layer. The inter-microvillar space is loaded with antimicrobial peptides and adsorbed
proteolytic enzymes. Both of these, together with the mucins, limit microbial adherence and
invasion. The basal/lateral surfaces also contain a specific complement of receptors,
transporters and enzymes that are required for the specialized functions of this domain.
Particularly abundant and relevant component in this domain is the polymeric
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immunoglobulin receptor (PIGR) that perform secretory IgA transcytosis across the cell to
be secreted into the intestinal lumen (reviewed by Mostov) [29]. Absorptive enterocytes can
also express neonatal Fc receptors (FcRn), which can mediate bidirectional transport of
immunoglobulins between the luminal compartment and the submucosa (reviewed by Baker
et al) [30]. This system is much better characterized in rodents, but there is evidence for the
expression of FCRn in the human fetal and neonatal intestinal epithelium [31].

Several aspects of NEC pathogenesis have been described that relate to almost all of the
known functions of absorptive enterocytes listed above. The apical membrane of enterocytes
is loaded with lactase as well as glucose and galactose transporters necessary for digestion
of lactose and efficient absorption of the resulting glucose and galactose. NEC almost never
occurs in neonates before the beginning of enteral feeding and it has been postulated that
stagnation of undigested and/or unabsorbed nutrients contribute to bacterial overgrowth that
may be pathogenic. A relative lactase deficiency, or a decreased expression of glucose and
galactose transporters have been considered as underlying causes [32]. The highest level of
expression for these molecules is in the jejunum, yet their deficiency predictably would
result in a cumulative effect toward the distal end of the small intestine. This spatial
separation of cause and effect, together with the limited availability of intestinal - typically,
ileal - specimens from human NEC, poses a severe limitation on our ability to address this
hypothesis. There is however, at least limited evidence for benefit from formula with pre-
digested lactose in the prevention of NEC - along with increased weight gain [33, 34].
Additionally, there is evidence in animal models that sugar malabsorption can result in
experimental NEC [35]. The function of FcRn as a very important determinant of neonatal
health has been demonstrated clearly in rodents, but human-specific importance in the Gl
system is yet to be demonstrated.

Microfold (M) cellsare located in follicle-associated epithelium (FAE) that is part of the
mucosal immune system. They possess unique microfolds that allow microbes to gain entry
and their basolateral surfaces have pocket-like structures that harbor B and T lymphocytes,
macrophages and/or dendritic cells. This structure enables M-cells to absorb antigen
molecules by phagocytosis and then present them to the antigen-presenting immune cells.
Thus, they act as functional openings in the intestinal mucosal barrier [14]. Increase in M-
cell number has been noted during intestinal inflammation. This might serve to increase
antigen presentation to immune cells leading to protective immune responses [36]. Despite
their potentially important role in regulating immune tolerance and antimicrobial immune
responses, there is virtually no data on the developmental changes of M cells in the fetal and
neonatal small intestine or, specifically, in necrotizing enterocolitis.

Goblet cellsare the major secretory epithelial cells in both the small and large intestines.
They are the source of numerous factors that are essential for maintenance of the barrier
function such as mucin, trefoil peptides, resistin-like molecules-p and Fcy binding protein
[37]. Additionally, a transcellular route of antigen presentation has been described for goblet
cells. In an asphyxia/cold stress model of NEC in rats, goblet cell number, function and
mucus layer thickness was shown to be decreased in areas of gut affected by NEC compared
to normal areas. In addition to restoring other functions such as paracellular permeability
and tight junction integrity, administration of the trophic factor EGF was also shown to
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increase mucus layer thickness and aid the proliferation of goblet cells. These changes
correlated with a reversal of NEC-like changes in the same model [38]. Ischemia-induced
mucus barrier loss and bacterial penetration are quickly reduced by goblet cell proliferation
in both human and mice models, at least in the colon [39]. More recent studies using mice
with intestinal epithelial-targeted disruption of the TLR4 gene in a rodent model of NEC
indicate that activation of notch signaling by TLR4 results in goblet cell depletion.
Mechanistically, this was mediated by the TRIF-dependent arm of TLR4 signaling and it
was required for the development of experimental NEC [20].

Paneth cells are unusual among mature epithelial cells in that they are located in the crypt
bases rather than in the villi, are seen only in the small epithelium, and have a lifespan of 30
days or more compared to the 2-5 day lifespan of the rest [40]. One of their important
functions is to serve as a critical protective niche for stem cells in the crypt bases. They are
also responsible for producing many of the anti-microbial peptides such as defensins,
cathelicidins, Ang4, and regenerating islet-derived protein 3 gamma (Reglll-y) in response
to invasion by pathogens as is evidenced by immunostaining for these molecules and the
massive protein secretory apparatus including rough endoplasmic reticulum and Golgi
apparatus that are seen in these cells [41, 42]. Other products include Lysozyme C and
phospholipase A2 which break down peptidoglycan and phosphoglycerides found in
bacterial cell walls. These secretory products reduce prolonged antigen exposure and the
accompanying inflammation. They also secrete trophic factors such as EGF, TGF-a,, Wnt3
and DIl4 that promote maintenance of the intestinal stem cell population [43].

Lately, there has been significant attention to Paneth cell activation and/or depletion as a
potential significant contributor to NEC pathogenesis. There are multiple lines of evidence
for changes in Paneth cell numbers between tissue samples collected from patients
undergoing bowel resection for NEC and various “controls”. A serious difficulty in
interpreting these findings is the varying degree of necrosis in the surgically removed bowel
sections, the varying lengths of time between the acute necrotic process and the actual
surgical intervention and the variety of bowel specimens that were considered as controls for
the sake of comparison. Despite the difficulty of interpretation, this remains to be a
worthwhile are of future investigation... that have substantiated the mechanistic role of
Paneth cell “injury” in rodent models of NEC. From the point of the present review, it is
notable that Paneth cells, in addition to their innate defense role, have been suggested to
serve as “reserve stem cells” as they retain an ability to be re-programmed “ to stem cell-like
phenotypes [44]. Thereby, they may play a role in the ability of the intestinal epithelium to
recover from injury.

Tuft cells and enteroendocrine cells—In rodents tuft cells in the intestine develop
postnatally and are increasing in number at weaning. However, in the human intestine they
appear at 20-22 weeks of gestation [45]. They are the predominant intestinal epithelial cells
that possess cyclooxygenase activity and may serve as a source of prostaglandins, which are
important regulators of inflammatory processes [46]. However, relatively little is known
about tuft cells and their role in disease processes. Although there is no specific information
available regarding any changes of tuft cell numbers or pertaining to a potential role in NEC
it is notable that cyclooxygenase inhibitor drugs increase the risk of intestinal injury. Given
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that tuft cells are the major source of cyclooxygenase activity, investigating their potential
role in NEC would be warranted. Enteroendocrine cells are the source of several hormones
such as gastrin, histamine, serotonin, cholecystokinin (CCK), somatostatin and glucagon-
like peptides (GLP1 and 2). These hormones have significant signaling functions both
locally in the GI tract and systemically. Locally, they are important for GI motility, luminal
secretions, and regulation of immune and inflammatory processes [47]; several of these
hormones also regulate epithelial turnover.

Intercellular junctions—In addition to the intestinal epithelial cells themselves, the
spaces and junctions between them are equally important in forming the epithelial barrier,
and regulating its permeability properties. The intercellular junctions in the intestinal
epithelium form the lateral junctions between cells and are made up of at least 3 distinct
elements: adherens junctions, tight junctions and desmosomes [48]. The basic architecture
and building block of the epithelial junction complex is illustrated in figure 2 [49]. Adherens
junctions and tight junctions together form the apical junctional complex (AJC).
Desmosomes are localized somewhat more basally and usually are referred to as lateral
junctions. Adherens junctions (AJs) consist mostly of intracellular catenin-F-actin
complexes linked to transmembrane cadherins that form complexes with similar E-cadherins
of neighboring cells, thus creating links between adjoining cells. Another element in this
link consists of cytoskeletal F-actin binding proteins called afadins interacting with
immunoglobulin-like transmembrane proteins called Nectins that in turn interact with
nectins from neighboring cells, serving to strengthen the linkage created by E-cadherins
[48]. In addition to providing a mechanism for cells to adhere to each other, the junctional
proteins are linked to critical signaling systems on the cytoplasmic side, which regulate
fundamental cell survival pathways [50]. Tight junctions (TJs) can be visualized as areas of
actual contact between adjoining cells. These are formed by multiprotein complexes made
up of occludins, claudins, junctional-adhesions molecule-A and tricellulin. These proteins
interact both with proteins from the same cell (cis) and with proteins from neighboring cells
(trans) in both homotypical and heterotypical fashion to form circumferential ring like
structures that interface with cytoskeletal scaffolds including F-actin [51, 52]. TJs protect
against deleterious invasion of the epithelium by antigens, microbes and toxins and
maintenance of cytoskeletal integrity. Additionally, they are important for maintaining
epithelial polarity by preventing movement of membrane lipids and proteins between the
apical and basolateral domains. Similar to adherens junctions, the intracellular domain of the
tight junction complex is linked to signal transduction pathways. These, in turn, play
significant roles in regulating proliferation, survival, migration and differentiation of
epithelial cells [53]. Furthermore, the specific makeup of tight junctions, and the regulation
of their molecular components have major roles in regulating the selectivity and magnitude
of paracellular permeability. Desmosomes are the third type of intercellular junctions whose
role and importance in barrier maintenance is less understood than the apical junctional
complex.

The structural and functional integrity of tight junctions is not static in nature and can be
influenced by numerous factors. Osmotic load, along with the availability of glucose and
sodium in the gut lumen, has been shown to vastly increase TJ permeability in rat jejunum

Pathophysiology. Author manuscript; available in PMC 2015 February 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kandasamy et al.

Page 8

[54-56]. Injury by oxidants is known to disrupt the actin cytoskeleton leading to “leaky”
junctions [57]. Proteomic studies in induced NEC lesions in preterm piglets have shown that
proteins involved in cytoskeletal and cell integrity and motility are found in increased
quantities in their proteome [58]. Actin and tubulin have been shown to be part of the
differential proteomic responses to enteral feedings detected in plasma when preterm piglets
are raised in germ-free vs. conventional environments [59]. The gram-negative endotoxin
LPS causes cytoskeletal rearrangements in human small intestinal mesenchymal cells and
actin disruptors severely affect the release of IL-6 from small intestinal human fibroblasts.
Actins are known mediators of epithelial healing responses, especially after injurious stimuli
from gram negative stimuli [60], and after treatment with antibiotics [61]. Nitric oxide (NO),
which has roles at multiple levels in the pathogenesis of NEC, is known to regulate intestinal
permeability by changing the expression and localization of tight junction proteins ZO-1 and
2, occludin and claudin [62]. Probiotic mixtures prevent or reduce ileitis through a TNF-a
dependent mechanism in mice with increased intestinal permeability by increasing occludin
and tight junction proteins and decreasing the expression of claudin [25]. Finally, although
Dextran sulfate sodium (DSS) colitis models are associated with tight junction damage
related increases in intestinal permeability, many of these models also show evidence of
widespread epithelial cell damage, indicating that tight junction loss or dysfunction alone
may not be enough to cause disease. However, it is also plausible that chronic increases in
intestinal permeability due to tight junction loss may underlie an altered “alert state” of the
mucosa-associated lymphoid tissue, which results in a disproportionate inflammatory
response.

Non-cellular Elements

Mucin—All mucosal surfaces are covered by a gelatinous secretion called mucus. Mucus is
made up of water (95%) with lipids, phospholipids, cholesterol and proteins [63]. It is
viscous and elastic and this is primarily due to mucins, large glycoproteins that are produced
in the intestines by goblet cells [64]. Carbohydrates including N-acetylgalactosamine and N-
acetylfucosamine in moderately branching structures make up 80% of mucin structure,
attached to a protein core that is rich in serine, threonine and proline repeats [65]. Many
types of mucins have been identified, but MUC?2 is the major secreted mucin found in the
small intestine [66, 67]. The depth of the mucus barrier varies in different parts of the
intestinal tract, with two layers in the stomach and colon and one layer in the small intestine
[68]. The viscosity of the mucus layer also varies according to concentration of secreted
mucin, and this can be modulated by a variety of factors, including ambient pH and ionic
strength. Mucin-associated oligosaccharides adhere tightly to the apical surfaces of epithelial
cells, isolating potential pathogens and thus creating a barrier that prevents many pathogenic
microbes from reaching the epithelial surface [69]. Lysozyme, defensins, and
immunoglobulins, enzymes and other proteins that reside in the mucus layer contribute to
the defensive properties of the mucus layer [70]. Gastrointestinal mucins are degraded via
complex pathways. Although proteases slowly dissolve the mucus gel to highly glycosylated
mucin fragments, continuous mucin production and secretion from goblet cells ensures
maintenance of the gel layer.

Pathophysiology. Author manuscript; available in PMC 2015 February 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kandasamy et al.

Page 9

Until now 21 different mucin genes (MUC) have been identified. Based on their location,
structure and function those mucins have been subdivided into secretory and membrane
bound forms. Although membrane bound mucins can be located on the surface of the
epithelium, their function and role in the gut is yet to be defined. Secretory mucins are
primarily responsible for mucus gel formation. Out of the 21 MUC genes, MUC?2 is the
major mucin reported to be expressed throughout the intestinal epithelium by 12 weeks of
gestation. It is highly expressed in the goblet cells and found in the columnar epithelium of
the intestine and colon. MUC2 was the first human mucin gene to be cloned and completely
sequenced. MUC2 gene KO mice have thinner mucus layers and develop spontaneous
colitis. MUC?2 rich mucus layer alteration has been shown to be necessary for the induction
of DSS- induced colitis in animal models. This highlights the important roles played by the
mucus layer in mitigating microbial invasion and inflammation in the Gl tract [71, 72]. In
young suckling rats, sialyltransferase activity predominates in the production of the
immature mucus layer. In contrast, fucosyltransferase is the major enzyme responsible for
producing glycoconjugates that are characteristic of the mature mucus layer. Thus, a
difference in mucus glycosylation pattern may lead to differences in bacterial colonization
patterns [73] [74]. Newborn intestinal mucus contains more protein and less carbohydrate
compared to adults and this may affect properties ranging from viscosity to antigenicity,
effects that may be even more pronounced in preterm newborns [75]. Overall,
developmental differences in the quantity and quality of mucin produced have important
contributions towards mucosal injury in premature newborns.

Trefoil proteins—Goblet cells in the intestinal mucosa produce a 59-amino acid peptide
called intestinal trefoil factor (ITF). ITF is secreted onto the surface of the epithelium in
both the small and the large intestine [76]. Trefoil stands for Trifolium, or three-leaved
plant, due to the resemblance of ITF crystal structure to such pants. The peptide chains of
ITF isoforms contain a conserved trefoil motif of 40-45 amino acid residues. Six cysteine
residues in this motif hold the intervening peptide sequences in a three looped structure with
the aid of disulfide bonds. Because of its three looped structure, ITF is resistant to acidic pH
and proteolytic digestion in the gastrointestinal tract.

In humans, three trefoil peptides have been discovered i.e. pS2 (TFF1), human intestinal
trefoil peptide- hITF (TFF2) and human spasmolytic polypeptide- hSP (TFF3). Genes of
those three peptides have been localized to a cluster on chromosome 21. Under normal
physiological conditions, all three peptides are predominantly expressed in the epithelium of
the gastrointestinal tract. hITF, in particular, is expressed in the duodenum and colon.
Trefoil factors play an important role in the process of restitution, a process by which
uninjured cells surrounding an area of mucosal damage migrate across the injured surface to
rapidly restore epithelial integrity. Animal models of intestinal mucosal injury have shown
an increase of up to 1000fold of trefoil protein. During repair of a damaged intestinal
epithelial layer, goblet cells secrete ITF proteins. Trefoil proteins have shown cooperative
interactions with mucin glycoprotein in reducing detergent and toxin induced mucosal
hyper-permeability in intestinal cell monolayer models.[77] The importance of trefoil factors
is illustrated by experimental models of (DSS) induced colitis, in which ITF-deficient mice
had significantly increased DSS colitis compared to wild-type mice. Restitution was
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significantly decreased in these mice and improved with administration of ITF, after which
epithelial cells form continuous sheets with very few gaps. ITFs possibly exert this
protective effect by acting on the E-cadherin catenin complex [78] and by inhibiting
apoptosis [79-81].

There is at least some evidence that TFFs may play a beneficial role in preventing NEC.
TFFs are abundant in human milk, which is protective against NEC, at the highest
concentration in the colostrum, then rapidly declining after birth [82]. Experimentally, oral
TFF administration has been shown to ameliorate NEC-like histological changes and
inflammation in a commonly used rodent model of NEC [83].

Antimicrobial Factors—Paneth cells, as well as mucosa-associated immune cells release
a number of antimicrobial factors; reviewed by Ho et al [84]. Chief among them are small
cationic peptides called a and B defensins, which are the most commonly found endogenous
antimicrobials in the gastrointestinal tract. Two human a isoforms (HD5 and HD6) and the
mouse a isoform cryptidin are exclusively expressed by Paneth cells. Human and mouse p
defensins are expressed throughout the Gl epithelium. Of these, HBD1 (human) and
mDefB10 (mouse) are expressed constitutively, while HBD2, 3 and 4 (human) and MBD3
(mouse) are strongly induced under inflammatory conditions [85]. Cathelicidins, another
class of Paneth-cell derived antimicrobial peptides, are also present in the amniotic fluid and
milk. Their expression is stimulated by bacterial products such as butyrate and endotoxin
[86].

Two antiproteases that are secreted by the Gl epithelium have been endowed by
antimicrobial properties as well. These are elafin and secretory leukocyte proteinase
inhibitor (SLPI). Both are upregulated under inflammatory conditions and have been
thought to stimulate mucosal healing [87, 88]. Other antimicrobial peptides that are
expressed in lesser or higher quantities by epithelial cells in the Gl tract include:
bactericidal/permeability increasing protein (BPI), hepatocarcinoma-intestine-pancreas/
pancreatitis-associated protein (HIP/PAP), and lysozyme [89]. Breast milk derived
Lactoferrin also has a significant role in gut immunity.

Enteric defensin expression is apparent at 24 weeks and gradually increases towards term in
the developing intestine [90, 91]. Salzman et al [90] showed that infants with NEC exhibit
increased level of defensin (HD5 and HD6) mMRNA expression and protein levels as
compared to controls comprised of ileal atresia or meconium ileus. Paneth cell numbers
were also increased in the more preterm infants with NEC compared to controls without
NEC. In another study, patients with NEC were gestational age-matched with controls and
repeat samples were collected from the same patients at the time of ostomy takedown [92].
In this cohort, there was no difference in Paneth cell numbers and antimicrobial gene
expression between controls and NEC, but there was a significant increase in both Paneth
cell numbers and in antimicrobial peptides after recovery from NEC. Yet another study of
fecal levels of HBD1 and HBD2 showed an increase in moderate NEC, but no increase in
patients with severe NEC [93]. In this study there was an increased level of HBD1 and
HBD?2 expression after recovery from NEC. Given the divergent study populations, methods
and antimicrobial genes tested it is not possible to form a coherent conclusion regarding the
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role of antimicrobial peptides in the pathogenesis of NEC. However, the data are overall
consistent with a protective role for these innate defense molecules in NEC. It is plausible
that a relative deficiency of antimicrobial peptides and Paneth cells at low gestational ages
may play a role in NEC pathogenesis.

Another major component of the defensive barrier is secretory IgA which is produced by
plasma cells that populate the lamina propria of the Gl tract. IgA protects against a host of
inflammatory agents including viruses and bacterial endotoxin through the immune
exclusion mechanism [94]. Secretory IgA (sIgA) contains the extracellular domain of PIGR,
also called secretory component or u chain, which is cleaved from the rest of the receptor
when the receptor-IgA complex is exocytosed at the apical membrane. This p chains endows
sIgA with anti-inflammatory functions and characteristics that are additive to that of serum
IgA without the secretory component; reviewed by Johansen and Kaetzel [95].

sIgA has been recognized as a critically important component of mucosal defense and some
of the protective effects of human colostrum and milk against NEC have been attributed to
its sIgA content. A relative deficiency of sIgA in the premature neonate has been implicated
as a potential risk factor for NEC. A study conducted in the 1980-s concluded that oral
supplementation of immunoglobulins may prevent NEC [96]. This was the only reasonably
well-designed study so far that used an immunoglobulin preparation that was composed of
mainly IgA. An overall conclusion reached through meta-analysis indicates that oral
supplementation of immunoglobulins provides no benefit in the prevention of NEC, or any
other major neonatal outcomes of prematurity. However, it is notable that trials so far have
used mostly IgG; even the study that showed benefit used IgA without the critical secretory
component that makes slgA functionally distinct from unprocessed IgA. It is yet to be
determined if specific supplementation of sIgA would provide any benefit.

Miscellaneous factors—Periodic and coordinated movements orchestrated by the enteric
nervous system and carried out by the intestinal muscle layers are responsible for efficient
passage of gastrointestinal content. Efficient passage of Gl content is important for nutrient
absorption. Additionally, proper motility prevents the stagnation of nutrients that may lead
to bacterial overgrowth. Migratory motor complexes (MMCs) are the elementary waves of
activity that trigger peristalsis. These are incompletely developed until 32 weeks of gestation
and very uncoordinated in infants less than 27 weeks of gestation [97]. MMCs are mediated
by cyclical surges in the hormone motilin and pancreatic polypeptide. Neither of these
hormones is fully established until after birth and may contribute to the absence of these
motor complexes in more immature infants [98]. Ischemic damage affecting the enteric
nervous system and surrounding glial cells has been noted in autopsy specimens from
infants that died due to NEC [99]. Specific ablation of glial cells causes massive changes
similar to NEC and Crohn’s disease in animal models [100]. Heparin-binding EGF (HB-
EGF) has been shown to be required for the normal development of the enteric nervous
plexus in rodents [101]. Given that HB-EGF also protects rodents from experimental NEC
[102], these findings establish the possibility of a causal relationship between development
of the enteric nervous plexus and NEC.
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Intestinal epithelial self-renewal and repair

The intestinal stem cells (ISCs) niche: While their exact location is still an area of debate,
crypts in both the large and small intestine contain stem cells that express the leucine-rich G
protein-coupled receptor 5 (Lgr5) [103]. Other ISC markers include Bmil+, Ascl2,
Olfactomedin-4 (Olfm4) and Musashi-1 (Msi-1). ISC cells that express these markers often
also exhibit Lgr5+ positivity, so it is unclear whether such cells represent distinct sub-groups
with unique functions [104, 105]. Intestinal stem cells are surrounded by Paneth cells, which
provide a protective and permissive niche for these cells to proliferate and differentiate. This
niche is also made up of other elements — enteric neurons, intraepithelial lymphocytes, and
the basement membrane. Similar to the in utero development of the Gl tract, interaction
between mesenchymal cells such as myofibroblasts and stem cells is crucial for the
maintenance of the stem cell niche throughout life [106].

Stem cell self-renewal

The intestinal epithelium is among the most actively self-renewing tissues in mammals.
Stem cells occupying intestinal crypts are monoclonal and are equally capable of populating
the crypts they occupy, implying that there is no “single dominant stem cell” [107]. CBC
stem cells sustain the turnover of epithelial cells by undergoing cell division either
symmetrically (2 daughter stem cells or 2 daughter non-stem progenitor cells) or
asymmetrically (1 stem cell that remains in the crypt and a transit-amplifying (TA) cell. TA
cells go through multiple cell division cycles to produce more progenitor cells. These
migrate upwards along the crypt base and villus surface while undergoing further
differentiation into the mature cell types of the epithelium. The restricted space within crypt
bases plays an important role in deciding the relative fates of daughter stem cells. Progeny
that lose contact with Paneth cells migrate upwards to continue the process of differentiation
while cells that maintain contact continue to reside in the crypt base to maintain stem cell
reserves [108]. Proliferation of stem cells is still not well understood, but it is clear that
factors such as Wnt, BMP, Hedgehog and Notch all play important roles in regulating this
process. Injurious stimuli such as radiation damage to stem cell population can cause TA
cells near the crypt base to lose their differentiation and revert back to Lgr5+ stem cells.
This safeguard allows for replenishment of stem cell numbers, to a limited extent [44]. A
recent study has shown that intraperitoneal administration of stem cells from amniotic fluid
in a rat model of NEC causes these cells to home to areas of mucosal injury in the intestine.
This experimental “stem cell therapy” reduced the incidence of experimental NEC and
improved the survival of rat pups. AFS cells homed to intestinal villi and induced increased
stromal cell COX-2 expression [109]. Similarly, bone marrow-derived mesenchymal stem
cells administered either intraperitoneally or intravenously homed to sites of NEC like injury
and improved outcomes in a rat model of NEC [102, 110].

Epithelial proliferation

The basal rate of proliferation in the intestinal epithelium is driven by the coordinate action
of extracellular mediators such as Wnt, homotypic cell adhesion by the E-cadherin B-catenin
system and signaling via integrin-extracellular matrix interactions. These basal mechanisms
are further augmented or attenuated by hormones, growth factors and inflammatory
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mediators. Homotypic cell adhesion via E-cadherin stabilizes p-catenin in adherens
junctions. In the absence of Wnt signaling the remaining p-catenin in the cytoplasm is
phosphorylated, targeted to the p-catenin degradation complex and degraded, preventing its
translocation to the nucleus. In the absence of nuclear-translocated p-catenin, expression
levels of key signaling molecules of cell survival and cell cycle progression are diminished,
leading to cell cycle arrest. Activation Frizzled or LRP receptors by the extracellular ligand
Whnt prevents proteosomal degradation of B-catenin, which activates transcription of target
genes leading to stem cell proliferation [111]. While Wnt is produced by Paneth cells, this
has been shown to a dispensable factor for epithelial proliferation in-vivo, indicating that
other sources of Wnt exist in the adult mammalian intestinal tract [112]. In vitro studies of
Lgr5+ ISCs have shown that provision of growth factors including EGF, R-Spondin1,
Jagged and Noggin are necessary for the production of crypt-villus organoid structures as
well as for the production of epithelial cells of different lineages for prolonged periods of
time. Other factors are produced by the mesenchymal cells in vivo. Mesenchymal cells also
produce Wnt-2b, an alternative and replacement to Paneth cell-derived Wnt [113].
Proliferation of cells within the confined spaces of the crypts is thought to be the primary
driving force behind the migration of these cells along the crypt-villus axis and into the villi
tips [114].

Toll-like receptor 4 (TLR4), the receptor for Gram-negative bacterium-derived LPS has a
significant role in the pathogenesis of NEC in animal models. The biology of TLR4 and its
implications for NEC have been thoroughly reviewed elsewhere in the same issue (Lu and
Hackam). However, it is notable that there is a significant discord between the roles of
TLR4 signaling in NEC and in adult models of mucosal injury. Overall, there is a substantial
body of evidence indicating that TLR4-dependent inflammatory signals are required for
efficient repair in adult murine models of colitis. In these adult rodent models of disease,
loss of TLR4 signaling results in deficient repair and overall worse disease outcomes. This is
in contrast to findings in neonatal rodent models of necrotizing enterocolitis [19, 20, 115,
116]. It is also notable that in rodent models of NEC TLR4-dependent mechanisms inhibit
stem cell proliferation [116, 117], which is in contrast to TLR4-dependent increased
proliferation in adult models [118, 119]. In colitis-associated increased mitotic activity, the
inflammatory regulation of proliferation was dependent on TLR4 signaling and COX-2
[118, 120]. These findings relate back to the potential but mostly unexplored role of tuft
cells in the inflammatory regulation and homeostasis of the epithelial barrier [46]. In the
adult models decreased stem cell proliferation and deficient repair after injury results in
overall worsened disease outcomes. TLR4 has been shown to activate p-catenin in intestinal
neoplasia models as well [119]. The simplest explanation for the differences between
neonatal and adult models is a developmental change that shifts the TLR4-dependent
inflammatory signaling from pro-apoptotic to pro-proliferative in nature. Alternatively, the
different observations may reflect on differences between colon and small intestine, since
the dominant manifestation of NEC and colitis are affecting different parts of the Gl tract.
Yet another explanation is a difference between the relative contribution of innate and
adaptive immunity and their respective mediators in neonatal and adult models.
Nevertheless, the details of underlying mechanisms are yet to be characterized and likely
hold important clues regarding disease pathogenesis.
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The apparently beneficial roles of inflammatory signals in tissue repair are not unique to
colitis. Inflammatory signals have been shown to play roles in recovery after tissue injury in
organs other than the gut by regulating stem cell proliferation locally and by recruiting stem
cells to sites of injury. For instance, inflammation-induced stem cell proliferation and repair
have been described in the CNS [121-123].

Epithelial migration

Apoptosis

The time course is 2—4 days from stem cell proliferation in the crypt and apoptosis at the
villus tip. During this time, epithelial cells have to migrate the distance of 600 — 800 pm,
approximately the width of 60-100 cells. This migratory process requires the interaction of
the cells with the extracellular matrix via integrins, signaling via a multitude of kinases and
an active involvement of the cytoskeleton. There is a great deal of overlap between signaling
mechanisms that regulate cellular proliferation, migration and apoptosis. As a general rule of
thumb, the same mechanisms that stimulate cellular proliferation also stimulate migration,
whereas signals that induce epithelial apoptosis also inhibit migration. Inflammatory signals
contribute to this balance with an intriguing mix of stimulatory and inhibitory effects on
epithelial migration. Innate, TLR4-dependent signaling inhibits enterocyte migration both in
tissue culture models and in rodent models of disease [19, 124]. On the other hand,
Leukotriene D4 [125], interleukin 22 [126], and tumor necrosis factor alpha (TNF-a)) can
either increase or inhibit migration in a dose dependent fashion [127]. Therefore,
inflammation cannot simply be viewed as a universally undesirable condition as it has both
deleterious and beneficial aspects on the epithelial barrier. It is more likely that the quantity,
timing, location and specific aspects of the inflammatory response, and whether these
parameters are commensurate with the physiologic requirements will determine desirable or
undesirable effects. TLR4-dependent innate inflammatory signaling has been shown to be
unequivocally damaging in rodent models of NEC, both in terms of inhibiting epithelial
proliferation, migration and goblet cell development [19, 20, 115-117, 124, 128, 129]. The
mechanisms and details of these TLR4 mediated deleterious effects are detailed by Lu and
Hackam elsewhere.

Mature epithelial cells that reach tips of the villi persist there for only a short time before
they are shed into the lumen. Epithelial cells at villus tips undergo anoikis, a special form of
apoptosis seen in anchorage-dependent cells that lose their attachments to their underlying
matrix. In this normal process, loss of cell-matrix attachments, is thought to be the cause of
cell death, rather than death causing the detachment [130]. Caspase-3 activation is involved
in the mechanism of anoikis, and blockade of caspase-3 activity leads to decreased apoptotic
cell corpses at the villi [131]. However, mice deficient in caspase/FADD domains exhibited
no visible alterations in their epithelial structure. Thus, this mechanism may not be
indispensable to normal epithelial homeostasis in the gut [132, 133]. On the other hand,
increased apoptosis appears to play an important role in the pathogenesis of NEC. There is
evidence for an increased rate of enterocyte apoptosis in human and experimental NEC; in
animal models, specific apoptosis inhibition protects from experimental NEC [134-137]. In
this pathological scenario, apoptotic nuclei appear to localize within the epithelial layer
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away from the villus tip, which may be distinct from the normal process of anoikis that
occurs at the villus tips during cell detachment.

repair

While multiple pathogenetic mechanisms cause injury to the intestinal epithelium on a
constant basis, the capacity of the barrier for self-repair and restitution is remarkable.
Epithelial cells adjacent to a wound exhibit first-response “stopgap” changes in their
structure and polarity. They become flattened leading to elongated cells and extend
lamellopodia, thus changing their morphology from columnar to fibroblastic. Apical actin
filaments linked to the zonulae adherens contract and link to cell to one another. This
process creates a “purse string” like contraction that narrows and closes the gap in the
monolayer [138, 139]. Further healing depends on multiple processes. All four components,
proliferation, migration, differentiation and apoptosis need to function properly and in
cohesion to restore epithelial integrity [140]. Proliferation of intestinal epithelial cells has
been well-studied in the Drosophila gut model which closely resembles the mammalian
gastrointestinal system [141]. Drosophila ISCs in intestinal crypts exhibit marked
proliferative responses in response to bacteria and other injurious stimuli. This response is
mediated by JAK-STAT and JNK signaling and requires EGFR ligands that are produced by
overlying villi enterocytes that undergo apoptosis in response to the injury [142-144]. The
process is turned off by BMP-2 signaling which, when overactive, can interfere with 1SC
proliferation and prevent intestinal epithelial repair. This indicates that optimal proliferative
responses to injury depend upon striking the right balance between these opposing signaling
pathways [145].

A host of growth factors that normally are present in human milk have been employed in
animal models and in tissue culture models to test their efficacy for prevention of
experimental NEC or bowel injury in hypoxia-reoxygenation. These include EGF [134], IGF
[146], HB-EGF [102, 110], TGF p [147], and EPO [148]. All of these, when tested,
exhibited a combined effect on epithelial survival, migration and apoptosis, resulting in
decreased injury, improved repair in vivo and in vitro. It is yet to be determined whether any
of these agents are safe and efficacious in humans, but they certainly provide novel
therapeutic avenues to explore.

As detailed above, the principal components of the epithelial barrier are multiple epithelial
cell types, junctional complexes between the epithelial cells and epithelial secretory
products. There are additional constituents contributed by the cells of the mucosa-associated
immune system, such as secretory immunoglobulins. When this barrier is intact it protects
against intestinal injury. It is generally accepted that a collapse of this barrier plays a
significant role in the pathogenesis of NEC. The mature gastrointestinal tract is an
environment where the only thing that can be considered constant is change - Cells that line
the mucosal layer undergo continuous replacement and ratios of different cell types in this
epithelial layer are subject to rapid alterations. The chemical and physical composition of
non-cellular constituents of the barrier is also highly adaptable. Given the very nature of
gastrointestinal function, repair and maintenance after injury is quite frequent even under
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conditions that may not be considered specifically pathogenic. In this context, it is important
to note that NEC is a disease of the developing gastrointestinal tract. The immaturity of this
developing barrier and that of the regulatory mechanisms responsible for its maintenance as
well as dis-regulated inflammation are all very important contributors to the pathogenesis of
NEC. Yet, most would agree that we are only beginning to understand the details. The
mechanisms of epithelial renewal, adaptation, injury and repair in fully developed organisms
are all subjects to current intense research efforts and much progress has been made in the
recent decade. Much less is known about late fetal development and perinatal adaptation to
extra-uterine life by this highly dynamic entity. Future researches targeting late fetal and
perinatal developmental aspects of epithelial dynamics are likely to lead to seminal insight
into the pathogenesis of NEC. Another aspect of the epithelial barrier that holds important
clues about pathogenesis and potential therapy is the innate antimicrobial defense. Further
studies regarding Paneth cells, the regulation of their numbers and developmental regulation
of antimicrobial genes are all promising areas. It is yet to be determined whether oral sIgA
administration would be more efficacious in comparison to IgA, as it would be predicted
based on the inherently different immunological properties of the serum and secretory forms
of this immunoglobulin. The role played by M-cells and tuft cells in intestinal barrier
function, as well as further clarification of the nuances in the equilibrium between pro and
anti-inflammatory mediators in barrier regulation will shed even more light on this topic.
What also needs to be done is to exploit this knowledge to devise practical strategies to help
protect infants against this deleterious illness. It is hoped that this article will have served
well as a summary of our current understanding of the intestinal barrier as it relates to NEC.
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Figure 1.
Schematic of intestinal epithelial differentiation. Adapted from Gerbe at al 2011. Following the generation of new cells,

intestinal epithelial cells must undergo differentiation, which occurs simultaneously with their migration out of the stem cell
niche. Transcription factors that drive this differentiation as well as functions of the terminally differentiated, specialized
epithelial cells are shown.
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Figure 2 the epithelial junctional complex. Adapted from Laukoetter et al [49].
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