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SUMMARY

Necrotizing enterocolitis (NEC) is the most frequent and devastating gastrointestinal disease of
premature infants. Although the precise mechanisms are not fully understood, NEC is thought to
develop following a combination of prematurity, formula feeding, and adverse microbial
colonization. Within the last decade, studies increasingly support an important role of a heightened
mucosal immune response initiating a pro-inflammatory signaling cascade, which can lead to the
disruption of the intestinal epithelium and translocation of pathogenic species. In this review, we
first describe the cellular compaosition of the intestinal epithelium and its critical role in
maintaining epithelial integrity. We then discuss cell signaling during NEC, specifically, tolllike
receptors and nucleotide oligomerization domain-like receptors. We further review cytokines and
cellular components that characterize the innate and adaptive immune systems and how they
interact to support or modulate NEC development.
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1. Introduction

The onset of necrotizing enterocolitis (NEC) is thought to be affected by three primary
factors: prematurity, formula feeding, and unbalanced microbial colonization of the intestine
[1,2]. However, a prevalent unifying hypothesis has proposed that the preterm gut
environment is highly sensitive to postnatal colonization with potentially pathogenic
bacteria, which elicits inappropriate immune responses supporting NEC development [2].

"Corresponding author. Address: Department of Pediatrics, Division of Neonatology, Monroe Carell Jr. Children’s Hospital at
Vanderbilt, Vanderbilt University Medical Center, Nashville, TN, USA 11114 Doctor’s Office Tower 2200 Children’s Way Nashville,
TN 37232, USA. Tel.: +1 (615) 322-3476; fax: +1 (615) 343-6182. hendrik.weitkamp@vanderbilt.edu (J.-H. Weitkamp).

Conflict of interest statement

None declared.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mara et al.

2.
2.1

Page 2

Accordingly, abundant studies indicate that both innate and adaptive immune systems
contribute to NEC pathology. By reviewing the functions of multiple components of the
innate and adaptive immune systems in the neonatal intestine, we aim to provide a
comprehensive understanding of the role of the immune system in NEC development.

Innate immune system

Physical barrier of the intestine

The intestinal epithelium is composed of a complex network with approximately seven
different cell types working together to balance the multiple functions of the small intestine,
including nutrient absorption, antigen recognition, maintenance of mucosal integrity, and
protection from micro-organisms. These cell types are joined by tight junctions and form a
cryptvillus structure characteristic of the small intestine [3]. The villus is covered with
enterocytes, goblet, enteroendocrine, and tuft cells, whereas the crypts house Paneth cells,
transit amplifying cells, and the progenitor stem cell that gives rise to all the intestinal cell
types [4]. Together, these cells make up the intestinal epithelium and act as the first major
barrier of the intestinal innate system.

2.1.1. Enterocytes—As absorption is a predominant role of the small intestine,
enterocytes (also known as intestinal epithelial cells, IECs) are responsible for uptake of
water, nutrients, and vitamins [5]. Enterocytes make up approximately 80% of the intestinal
epithelium, are renewed every three to five days, and are connected by tight junctions, which
together maintain intestinal integrity [4,6]. During digestion, enterocytes are exposed to
antigens from food, native microflora, and foreign micro-organisms [6]. Therefore,
enterocytes can sample and identify antigens passing through the intestinal lumen and relay
the signal to the underlying intraepithelial lymphocytes via pattern-recognition receptors
(PPRs) [5,7,8]. PPRs expressed by IECs, such as toll-like receptors (TLRs) and nucleotide-
binding oligomerization domains (NODs), recognize antigens on pathogenic bacteria and
elicit an immune response against infection [5,7]. Studies demonstrate that PPRs have a
direct linkage to NEC, which are discussed later in this review. In addition to PPRs,
enterocytes are capable of presenting major histocompatibility class (MHC) I and 11
molecules and non-classical MHC molecules such as MHC class | polypeptide-related
sequence A or B, both of which can signal directly with lymphocytes to initiate an immune
response [6,7,9]. Taken together, enterocytes play an important role in overall function of the
small intestine.

2.1.2. Goblet cells—Goblet cells are an important cell type that help maintain the gut
barrier and are responsible for the production of the mucus layer between the epithelium and
lumen. They make up approximately 4% of the epithelium and reside along the crypts up to
the villus tip, allowing for mucus secretion [4]. The mucus secreted by goblet cells is
composed of glycoproteins known as mucins, which are regulated by the mucin (MUC)
gene. Mucins are responsible for facilitating interactions between host epithelium and
commensal or pathogenic micro-organisms [9,10]. MUC?2 is the primary mucin and
important for goblet cell morphology, as demonstrated by MUCZ2-deficient mice that fail to
develop distinguishable goblet cells [11,12]. Goblet cells have also been implicated in
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immune tolerance to commensal bacteria and are capable of passaging antigens from the
lumen to CD103* dendritic cells, thus promoting intestinal immune homeostasis [13].

Goblet cell differentiation is promoted by kruppel-like factor 4 (KIf4) and E47-like factor 3
(EIf3), but inhibited by the Notch signaling pathway [4,14]. Sodhi et al. demonstrated that
tolllike receptor 4 (TLR4) activation is capable of upregulating Notch signaling, independent
of microbial interactions [15]. They also found that TLR4 and Notch signaling are increased
whereas goblet cells and MUCZ expression are decreased in mice and premature infants
with NEC [15]. Since MUC2 plays an important role in regulating gut barrier integrity, any
decrease in MUC?2 could potentially increase the risk for NEC. Other studies have also
shown that MUC2? is significantly decreased in infants with NEC, which can be exacerbated
by factors such as immature goblet cells due to prematurity, increased Notch signaling, or
mutations leading to aberrant goblet cell development [14,16-18].

2.1.3. Paneth cells/antimicrobial peptides—Paneth cells are significant contributors
to the integrity of the intestinal epithelium since they produce and secrete peptides that
rapidly Kill or inactivate micro-organisms [19-21]. On average, five to 12 Paneth cells reside
near the bottom of the crypt and are renewed every two to three weeks, allowing them to
produce enough antimicrobial peptides (AMPSs) to maintain homeostasis [20,21]. AMPs
include a-defensins (human) or cryptidins (mice), lysozyme C, secretory group I1A
phospholipase A2 (sPLA2), C-type lectins (REG3a in humans, REG3g in mice), and
angiogenin 4 (ANG4) in mice [19-21]. In the small intestine, Paneth cells secrete these
peptides in response to pathogen-associated molecular patterns (PAMPs), or molecular
motifs expressed by classes of micro-organisms [21].

Although Paneth cells produce AMPs to counteract enteric pathogens, genetic mutations can
lead to the disruption of the intestinal epithelium and increase susceptibility of inflammatory
bowel diseases (IBD). Crohn’s disease (CD) results in ileal inflammation and is associated
with mutations of NOD2, which is a PPR predominantly present in Paneth cells [20,22,23].
NOD?2 is a receptor that recognizes muramyl dipeptide, which is found in both Gram-
positive and Gram-negative bacteria. Studies have shown that NOD2-deficient mice have
fewer cryptidins at both baseline and post-infection as compared to wild-type (WT) mice
[24]. Additionally, NOD2deficient mice challenged with Helicobacter hepaticus develop
granulomatous lesions in the ileum, which is common in patients with Crohn’s disease, and
they express pro-inflammatory Ty1-related genes, such as the cytokine interferon-y (IFN-7y)
and the transcription factor T-bet [20,25]. In human studies, the effect of NOD2 loss-of-
function mutations has been evaluated to determine the risk of developing lethal
gastrointestinal tract diseases, such as NEC and focal intestinal perforation [26]. Moreover,
an unconventional mouse model has been described, in which Paneth cells are depleted with
dithazone and the intestine is exposed to K/ebsiella pneumoniae [27-29]. This model yields
a phenotype similar to human NEC, yet, due to intentional damage of Paneth cells,
conclusions regarding AMPs cannot be made [29]. Taken together, further research is
needed to elucidate the role of Paneth cells and/or Paneth cell-derived AMPs in the
prevention or the pathogenesis of NEC.
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2.2. Pattern recognition receptors

Pattern recognition receptors (PRRs) are conserved receptors that have evolved to sense the
presence of pathogenic and endogenous molecules released during infection and injury.
There are currently four classes of PRR families [30], yet for the purpose of this review we
focus on the two classes that have been linked to NEC: TLRs and nucleotide oligomerization
domain-like receptors (NLRS).

2.2.1. Toll-like receptors—TLRs are well-characterized transmembrane receptors that
primarily function to initiate immune responses against bacteria, viruses, and other
pathogenic micro-organisms [30,31]. Presently, there have been 10 TLRs identified in
humans and 13 in mice, with each TLR sensing for a distinct pathogenic or endogenous
ligand [30,31]. Once the ligand binds to its associated TLR, the receptor dimerizes and
recruits the myeloid differentiation factor 88 (MyD88) (or Toll/IL-1R domain containing
adaptor inducing IFNB (TRIF) with the exception of TLR3), which causes downstream
signaling to the nuclear factor-xB (NF-xB) pathway [31-33]. NF-xB is a transcription factor
that translocates to the nucleus and induces an inflammatory response, drawing effector cells
to the location of the initial pathogen or injury [31]. This conserved response is tightly
regulated, yet exacerbated TLR responses have been heavily implicated in the pathogenesis
of NEC.

Within the last few decades, numerous studies have suggested that TLR4 activation and
signaling is a significant contributor to NEC development [34—-43]. Since prematurity is a
major risk factor in developing NEC, several studies have investigated differences between
the preterm and term TLR expression in the intestinal tract. Interestingly, these studies
indicate that there are higher TLR4 expression levels in premature murine and human
intestine as compared to full-term controls [31,44-46]. Investigators have demonstrated that
TLR4 activation in this immature environment results in increased enterocyte apoptosis,
reduced enterocyte proliferation and migration, and the eventual breakdown of the intestinal
epithelium [34,36,37,39,40,47]. Once epithelial integrity is lost, pathogens are able to enter
the circulatory system resulting in systemic inflammation. Moreover, TLR4 activation has
been shown to reduce endothelial nitric oxide synthase (eNOS) in the intestinal endothelium,
causing decreased blood flow and ischemia that may further support the development of
NEC [43,48].

Studies have also indicated that TLR4 is required for NEC development, and is not simply
an outcome of the disease. In one such study, TLR4-mutant mice (C3H/HeJ) were protected
from developing experimental NEC, whereas wild-type littermates experienced disruption of
the intestinal epithelium and severe disease [40]. Others utilized global and intestinal-
specific TLR4 gene deletion that demonstrated preservation of the intestinal epithelium and
downregulation of pro-inflammatory cytokines [15]. Likewise, it has been shown that, by
inhibiting TLR4 signaling, mice were protected against experimental NEC [34,37,38,46,48].
For example, administration of amniotic fluid [37], breast milk [38], or human milk
oligosaccharide 2”-fucosyllactose (2”FL) [48] attenuated TLR4 signaling, thus significantly
decreasing the severity of experimental NEC in mice. Together, these studies suggest an
important role that TLR4 plays in NEC pathogenesis.
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Other TLRs have also been studied in the context of intestinal injury. TLR2, which is
expressed in enterocytes, immune cells in the lamina propria, and in enteroendocrine cells,
induces the production of anti-inflammatory cytokines, such as IL-10, to modulate the
immune response [49]. However, imbalances in TLR2-mediated NF-xB activation can lead
to proinflammatory cytokine production and induce intestinal injury. Furthermore, TLR2
also supports preservation of tight junctions between enterocytes, thus maintaining gut
integrity [49]. Studies have also demonstrated protection against NEC by modulating the
expression of TLR9 [36,39]. By administering CpG-DNA (ligand to TLR9), TLR4-mediated
signaling is modulated and prevents enterocyte apoptosis and bacterial translocation, thus
decreasing experimental NEC severity [39]. Although these studies yield a basic
understanding of the interactions between TLRs and NEC pathogenesis, more studies are
needed to discover additional roles of TLRs during NEC.

2.2.2. Nucleotide oligomerization domain-like receptors (NLRs)—NLRs are
another class of PRRs that recognize PAMPs and DAMPs within the cytoplasm of cells.
NOD1 and NOD2, two members of this class, have been suggested to modulate NEC
development via TLR regulation [47,50-52]. NOD1, expressed by enterocytes, recognizes
peptidoglycans found in the cell walls of Gram-negative bacteria and activates an immune
response though the Peyer’s patches [3,53]. Similarly, NOD2 recognizes intracellular
muramy|l dipeptide (MDP) that is found in most bacterial cell walls and is expressed by
monocytes, dendritic cells, and Paneth cells [3,30,53]. Multiple studies have explored the
roles played by NOD1 and NOD?2 in NEC. In a study by Richardson et al., activation of
NOD2 by MDP decreased TLR4 signaling and decreased NEC severity in mice [47]. When
MDP was administered, the apoptosis regulatory protein SMAC-diablo was downregulated,
thus inhibiting TLR4-mediated enterocyte apoptosis [47]. In another study, investigators
found that NOD?2 expression is required for colonization of commensal bacteria and
suppression of pathogenic bacteria [52]. Using NOD2-deficient mice, H. hepaticus was
gavaged to WT and NOD2-deficient mice, resulting in NOD2-deficient mice unable to clear
H. hepaticus infection [52]. In relation to NEC, mutations in NOD2 may promote
colonization of pathogenic microflora in the premature intestine and lead to NEC
development [52]. Finally, both NOD1 and NOD?2 activate the NFxB pathway, which,
depending on the stimulus, could modulate TLR4 expression or act synergistically with
TLRs [30,47,50].

2.3. Neutrophils

Neutrophils are major drivers of innate immune responses. They are the first cells at the site
of injury, produce bactericidal compounds, and attract and influence other cell types, such as
monocytes and dendritic cells [54]. Their implication in NEC remains to be fully elucidated,
yet there are a few studies to note. One study used a Cronobacter sakazakif NEC mouse
model to induce NEC in WT mice and mice depleted of neutrophils, finding an increase in
proinflammatory cytokines, nitric oxide, and enterocyte apoptosis in neutrophil-depleted
mice (72%) compared to WT mice (40%) [55]. Another study investigated the incidence of
neutropenia (neutrophil counts of <1000/mL) in small for gestational age (SGA) human
neonates, which suggested that these infants have a 4-fold increased risk to develop NEC
[56]. These findings indicate that neutrophils may attenuate the immune response in NEC.
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However, one study demonstrated that overexpression of the bactericidal oxidative species
produced by neutrophils could contribute to the severity of NEC [57]. In rats with and
without neutrophils (depleted with vinblastine), treatment with platelet activating factor
(PAF) and LPS were used to induce NEC [57]. Rats with neutrophils experienced greater
hypotension, reduced intestinal perfusion, and necrotic bowel compared to neutrophil-
depleted rats [57]. This suggests that the reactive oxidative metabolites produced by
neutrophils may promote intestinal injury and that the depletion of neutrophils may be
protective in NEC. Nonetheless, the variation in neutrophil function may be confounded due
to the diverse models used to induce NEC-like disease in animals and further studies are
needed to confirm their role in NEC.

Innate lymphoid cells

Within the last decade, a new population of cells in the innate immune system, known as
innate lymphoid cells (ILCs), have been increasingly investigated in order to determine their
function in immunity. These cells are derived from a common lymphoid progenitor and
embody the traditional lymphoid cell morphology, yet lack characteristic receptors and
antigen specificity that are typical in adaptive lymphocytes [58]. ILCs are largely grouped
into three different classes (subclasses exist among each group; see [59]), which are defined
by cell-surface markers, transcriptional factors, and cytokine expression; however, each class
elicits a distinct immune response [58]. Group 1 (ILC1s) produces cytokines INF-y and
TNF to protect the intestinal epithelium from invading viruses, bacteria, or other
intracellular micro-organisms; Group 2 (ILC2s) produces type-2 cytokines (IL-4, IL-5, IL-9,
IL-13) to facilitate the expulsion of parasites from the intestine; and ILC group 3 (ILC3s)
produces lymphotoxin (LT), IL-17A, IL-22, and INF-y, which help mediate responses to
commensal and extracellular microbes [58].

As investigators have continued to study these cells, research has implicated ILCs in
intestinal inflammation [60—63]. For example, some studies show that patients with CD have
markedly increased infiltration of ILC1s [60,61]. In a study by Bernink et al., resected bowel
from CD patients contained a significantly higher frequency of ILC1s as compared to
control bowel, which corresponded with increased INF-+y in these patients [60]. Murine
colitis studies further supported these findings and suggested that ILC1 infiltration is a
response to CD and does not play a causative role [60,61]. ILC3s have also been suggested
to contribute to intestinal inflammation during IBD [62,63]. Buonocore et al. demonstrated
in Rag2~/~ mice, which fail to generate B and T- cells, that ILC3s mount a pro-inflammatory
response by producing IL-17A and IFN-y in an IL-23-dependent manner [62]. Interestingly,
another study utilizing the Thx21~/~ Rag2~/~ ulcerative colitis (TRUC) model of IBD
discovered that TNF-a from DCs acted synergistically with 1L-23 to stimulate ILC3s to
produce IL-17A, thus demonstrating a novel interaction between DCs and ILC3s [63]. Taken
together, these studies support the role of ILC1s and ILC3s in the pathogenesis of intestinal
inflammation.
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3. Adaptive immune system

3.1. Macrophages

Macrophages are important effector cells that contribute to the maintenance of homeostasis
as well as initiating an immune response during injury. Intestinal macrophages typically
reside beneath the epithelial layer in the lamina propria, where they are activated upon
exposure to LPS and IFN-y and respond by releasing pro-inflammatory cytokines and nitric
oxide [53]. However, macrophage activation is amplified in the immature intestine, but is
downregulated by tumor growth factor- (TGF-) until the intestine is fully developed [64].
Studies related to NEC have observed high intestinal infiltration of macrophages and
significantly lower levels of the TGF-B, isoform, suggesting that an exacerbated
macrophage response in the premature intestine may play a role in NEC development
[64,65].

In investigating the macrophage response during NEC, studies have discovered a pathway
describing the relationship between TGF-f, mothers against decapentaplegic homolog 7
(Smad7), and NF-xB [66,67]. Along with low levels of TGF-B5 in in-vitro and in-vivo
models of NEC, MohanKumar et al. found an increase in expression of Smad7 in
macrophages and an increased sensitivity to bacterial products, such as LPS [64,66,67].
Additionally, Smad7overexpressing macrophages activated the NF-xB pathway and induced
a pro-inflammatory response [66]. Together, these studies suggest that an imbalance in this
macrophage response pathway may influence the inflammatory state that occurs in the
premature intestine during NEC.

3.2. Dendritic cells

Intestinal dendritic cells (DCs) are specialized antigen presenting cells (APCs) that play a
critical role in establishing self-tolerance and maintaining homeostasis in the small intestine
[68]. By sampling antigens that pass through the lumen of the gut, DCs can differentiate
between antigens on pathogenic bacteria from those found on food and commensal
microbiota. However, investigation of their role in NEC has been fairly limited. In one study,
investigators used the opportunistic pathogen Cronobacter sakazakii, which may
contaminate infant formula, to induce NEC in newborn mice [69]. When infected with C.
Sakazakii, a significant number of DCs were recruited to the lamina propria, which resulted
in an increased release of cytokines IL-10 and TGF-B [69]. With higher levels of cytokines,
specifically TGF-B, NEC-related symptoms such as enterocyte apoptosis and epithelial
disruption were observed [69]. This study concluded that, in a C. sakazakii-induced model
of NEC, DCs contribute to the breakdown of intestinal epithelial integrity [69]; however,
additional studies are necessary to elucidate the role of DCs in premature infants with NEC.

3.3. T-cells

Historically, neonates were assumed to be deficient in T-cells and other adaptive immune
cells [70]. However, in 1996, novel studies investigating the neonatal adaptive immune
system demonstrated that neonatal T-cells were capable of adult-level responses [70-73].
Since then, continued research has shown that neonatal T-cell responses are increasingly
variable and dependent on the timing and conditions surrounding antigen exposure [70]. As
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such, evidence has emerged establishing a primary role of T-cells in the development of
NEC. For the purpose of this review, we focus on T-cell subsets that have been directly
implicated in the pathogenesis of NEC.

Intraepithelial lymphocytes

Intraepithelial lymphocytes (IELs) primarily consist of antigen-experienced T-cells that,
upon exposure to familiar antigens, release cytokines to recruit effector cells to destroy
invading pathogens and growth factors to stimulate epithelial repair [74]. In the gut, IELs are
interspersed between epithelial cells of the intestinal epithelium and function to elicit and
regulate both innate and adaptive responses during infection [74,75]. Thus, mucosal IELs act
to preserve the epithelial barrier and maintain homeostasis [74,75]. Mucosal IELs are highly
heterogeneous and are distinguished based on T-cell receptors (TCR) y& or af, as well as
on CD8 co-receptor expression [75]. -y6 IELs are the first T-cell subset present in the
intestine during embryogenesis [76,77]. In the study by Gibbons et al., neonatal y& IELs
were found to produce higher levels of cytokines, such as IFN-y and IL-10, as compared to
neonatal af IELs and adult -y6 IELs, indicating enhanced activity of y& IELs during early
life [76]. Murine studies using the DSS model of colitis showed that y& IELs are important
in managing invasion of bacteria in the event of mucosal injury [78]. Microarray analysis
exhibited a complex transcriptional response by -y IELs, including transcriptional
enrichment of cytoprotective properties (i.e. heat shock proteins), anti-inflammatory
cytokines, and transcription factors that promote healing, all of which support epithelial
regeneration [78]. Interestingly, this study also demonstrated that commensal bacteria
provide immunomodulatory factors that promote the protective transcriptional response by
v8 IELs during mucosal injury [78]. Furthermore, Weitkamp et al. discovered significantly
lower CD8" 6 IELs in preterm infants with NEC compared to control infants, suggesting
that 6 IELs depletion occurs during the development of NEC [77]. There were also
decreases in gene expression for retinoic acid-related orphan nuclear hormone receptor C
(RORC) and occludin, which promote early pathogen colonization resistence via IL-17 and
v& IELs migration into the epithelium, respectively [77]. Taken together, these data suggest
that 6 IELs are critical for intestinal barrier integrity and that mucosal -y6 IELs may be
important in preventing NEC.

3.5. Regulatory T-cells

Regulatory T-cells (Tregs) are CD4™ T-cells that act to suppress excessive immune responses
as well as mediate immunological tolerance. Interestingly, Tregs that express forkhead box
protein 3 (Foxp3) are present in the developing gut as early as 23 weeks of gestation,
suggesting that they may participate in establishing intestinal homeostasis in neonates [79].
Therefore, murine and human studies were conducted to explore the immunomodulatory
role of Tregs in NEC. In one such study, Egan et al. induced NEC in WT neonatal mice and
observed significant mucosal barrier damage, increased pro-inflammatory cytokine levels,
and a reduction in CD4* Foxp3* Tregs [34]. They also discovered that the neonatal intestine
is rich in signal transducer and activator of transcription 3 (STAT3), which directs T-cell
differentiation away from the Treg phenotype [34]. By treating neonatal mice with a STAT3
inhibitor, Tregs were restored and NEC severity decreased [34]. In another study, small
intestine was resected from NEC and non-NEC infants and T-cell populations were analyzed
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[80]. They found that intestinal resections from NEC patients had a significant decrease in
Treg proportions compared to other Tcell populations [80]. Additionally, investigators
discovered a pro-inflammatory cytokine profile in NEC tissue samples, which correspond to
cytokines that have been shown to suppress Tregs [80]. Finally, patients with resolved NEC
displayed restoration of the Treg cell population, suggesting that Treg depletion is a response
to the hostile microenvironment induced by NEC [80]. Together, these studies support that
Tregs serve a protective role in the fetal and neonatal intestine.

3.6. T-helper 17 cells

T-helper cells (T) are CD4" T-cells, which, once stimulated by APCs, actively participate
in cell-mediated immune responses. Ty-cells can be further divided into subtypes based on
the cytokines secreted and the stimuli they respond to; however, we now focus on TH17 cells
and evaluate their role in NEC. Several studies have demonstrated that Ty17-derived
cytokines can cause intestinal inflammation during experimental NEC. For example, Egan et
al. had demonstrated a decrease in Tregs in NEC-induced neonatal mice and they found a
significant increase in the CD4" TH17 cells, which primarily produce the inflammatory
cytokine IL-17A [34]. IL-17A was determined to be a significant contributor to NEC
pathogenesis, as demonstrated by the loss of tight junctions between intestinal epithelial
cells, reduced enterocyte proliferation, and an increase in crypt apoptosis after
administration to neonatal mice [34]. Additionally, they discovered that the
microenvironment of the premature human intestine expresses high levels of IL-6, IL-22,
and STAT3, all which drive T17 differentiation [34]. An additional study demonstrated that
mice subjected to an experimental NEC model observed severe damage to the mucosal
epithelium, primarily due to apoptosis of the Lgr5* intestinal stem cells residing at the
bottom of intestinal crypts [81]. These intestinal stem cells are critical for the regeneration of
other epithelial cell types; therefore, loss of these cells is detrimental to the integrity of the
mucosal barrier [4,81]. Importantly, when mice subjected to experimental NEC were treated
with all-trans retinoic acid (ATRA), which has been previously shown to induce Treg
populations while limiting Ty17 differentiation, NEC severity was significantly reduced
[34,81]. These studies demonstrate the negative effects of increased CD4* TH17 cells on the
neonatal small intestine during NEC, and highlight the use of ATRA as a potential
preventative strategy or therapeutic for NEC.

4. Conclusions

The complex pathogenesis of NEC has yet to be completely elucidated, and, at least
regarding the role of adaptive immunity in NEC, more studies evaluating the differences
between NEC in animal models and human infants are needed. However, recent discoveries
have resulted in obtaining a more comprehensive understanding of intestinal immunology in
the premature gut, such as the delicate interplay between the intestinal epithelium,
commensal bacteria, molecular signaling, and innate and adaptive immune cells.
Importantly, these findings have led to testing of novel approaches in NEC prevention such
as promoting an effective gut barrier, fostering immune surveillance without injury, and
supporting a balanced intestinal microbiome during pregnancy and after birth. The latter can
be achieved either through avoidance of antibiotics, supplementation with milk-derived
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factors or probiotics. Although we have gained valuable insight, continued research efforts
are necessary to define the pathogenesis of NEC and to develop more effective strategies to
alleviate this disease.
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Practice points

. NEC is characterized by excessive inflammation likely resulting from a
complex interplay between a host, microbes and nutritionally derived
antigens.

. Currently, human milk and a diverse microbiome are the best-studied
measures to prevent NEC by contributing to a balanced mucosal immune
system.
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Research directions

. Whereas animal models have been and will remain critical for further
investigation of the pathogenesis of NEC, the unique feto-maternal
environment with more advanced adaptive immunity at birth make correlation
with human cells and tissues necessary.

. Given the important role of the immune system in the pathophysiology of
NEC, clinical trials with molecules designed to support intestinal maturation
and provide protective immune function or inhibit inflammatory processes are
needed.
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