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Abstract

Toll-like receptors (TLRs) are a structurally related family of molecules that respond to a wide
variety of endogenous and exogenous ligands, and which serve as important components of the
innate immune system. While TLRs have established roles in host defense, these molecules have
also been shown to play important roles in the development of various disease states. A
particularly important example of the role of TLRs in disease induction includes necrotizing
enterocolitis (NEC), which is the most common gastrointestinal disease in preterm infants, and
which is associated with extremely high morbidity and mortality rates. The development of NEC
is thought to reflect an abnormal interaction between microorganisms and the immature intestinal
epithelium, and emerging evidence has clearly placed the spotlight on an important and exciting
role for TLRs, particularly TLR4, in NEC pathogenesis. In premature infants, TLR4 signaling
within the small intestinal epithelium regulates apoptosis, proliferation and migration of
enterocytes, affects the differentiation of goblet cells, and reduces microcirculatory perfusion,
which in combination result in the development of NEC. This review will explore the signaling
properties of TLRs on hematopoietic and non-hematopoietic cells, and will examine the role of
TLR4 signaling in the development of NEC. In addition, the effects of dampening TLR4 signaling
using synthetic and endogenous TLR4 inhibitors and active components from amniotic fluid and
human milk on NEC severity will be reviewed. In so doing, we hope to present a balanced
approach to the understanding of the role of TLRs in both immunity and disease pathogenesis, and
to dissect the precise roles for TLR4 in both the cause and therapeutic intervention of necrotizing
enterocolitis.
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Introduction

The recognition and clearance of microbial invasion depends on the coordinated activities of
both the innate and adaptive immune systems. The Toll-like receptors (TLRs) play key roles
in the production of innate inflammatory cytokines and also to regulate adaptive immune
responses, and have thus emerged as important components of host defense. In addition to
their signature role in host defense, TLRs have also been shown to play important roles in
the induction and progression of various inflammatory diseases, in part through their
signaling properties on both hematopoietic as well as non-hematopoietic cells. A particularly
striking example of the role of TLRs in disease pathogenesis is necrotizing enterocolitis
(NEC), a severe and often fatal disease that affects preterm infants whose development
requires the activation of TLR4 signaling within the intestinal epithelium. In addition to the
roles of TLR4 in driving a pro-inflammatory program, recent data also implicate TLR4
activation in the regulation of intestinal differentiation. We now evaluate the signaling
properties of TLR4 within both hematopoietic and non-hematopoietic cells, and summarize
the role of TLR4 in the pathogenesis of NEC. We further highlight recent findings for TLR4
in the regulation of intestinal development and inflammation in its pathogenesis. We close
by discussing the exciting possibility of targeting TLR4 and its related downstream
signaling cascades as novel potential strategies for this devastating disease and others.

General introduction to the TLRs

TLRs are mammalian homologues of the Toll protein identified from Drosophila [1] which
was subsequently found to exert anti-fungi functions in a landmark paper by Hoffman and
colleagues [2]. TLRs represent a large family of transmembrane molecules which play a
pivotal role in innate immune responses against a broad range of pathogens including
bacteria, mycobacteria, mycoplasma, fungi and virus [3]. Since the first human TLR was
identified in 1997 by Janeway and colleagues [4], 10 TLRs have been identified in humans
and 13 in mouse [5-7]. TLRs are expressed on various hematopoietic cells, including
macrophages, dendritic cells, B cells [8] and T cells [9], and to a lesser extent, on non-
immune cells, including epithelial cells, endothelial cells and fibroblasts [10, 11]. TLRs are
present on the cell surface — as is the case for TLR1, TLR5, TLR6, TLR10 and TLR12 [3,
12], or intracellularly within endosomes — as is the case for TLR3, TLR7, TLR8 and TLR9
[12], or both on the cell surface and intracellularly — as is the case for TLR2 [13], TLR4
[14-18] and TLR11 [19], or in endosomes — as is the case for TLR13 [20]. Each TLR
detects distinct ligands that may be exogenous and thus pathogen related — the so called
pathogen-associated molecular patterns (PAMPS), and also endogenous ligands that are
released during injured states, and are termed damage-associated molecular patterns
(DAMPs). Examples of PAMPs include lipoproteins (TLR1, TLR2 and TLR6), pathogen
nucleic acids (TLR3, TLR7, TLR8 and TLR9), lipopolysaccharide (TLR4), and flagellin
(TLR5) [3, 10], while examples of DAMPs include proteins and peptides (TLR1, TLR2,
TLR4, TLR7 and TLR8), fatty acids and lipoproteins (TLR2 and TLR4), proteoglycans and
glycosaminoglycans (TLR2 and TLR4) and nucleic acids and protein-nucleic acids
complexes (TLR3, TLR7, TLR8 and TLR9) [21]. After ligand binding, TLRs dimerize and
recruit adaptor molecules in a myeloid differentiation factor 88 (MyD88)-dependent or TIR
domain-containing adaptor protein inducing IFN-$ (TRIF)-dependent manner [22, 23].
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Subsequent downstream signaling leads to the translocation of nuclear factor-xB (NF-xB)
from the cytoplasm to the nucleus, and the release of inflammatory cytokines, chemokines
and type I interferons (IFNs) [24-27]. In parallel, TLR activation leads to the recruitment of
neutrophils [28, 29] and to the activation of macrophages [30], resulting in specific innate
and adaptive immunological responses. While TLRs have been well characterized on
hematopoietic cells, they are also expressed on various non-hematopoietic cells, including
epithelial cells, endothelial cells and fibroblasts, where they may contribute to both host
defense and disease development. We will now review the important functions of TLRs in
hematopoietic and non-hematopoietic cells, in order to understand the central roles that these
molecules play both in host defense and in disease pathogenesis.

TLR signaling in hematopoietic cells

TLRs are highly expressed on hematopoietic cells, including macrophages, dendritic cells,
neutrophils and lymphocytes, and TLR activation results in the initiation of both innate and
adaptive responses [10, 11]. TLRs activate macrophages to produce pro-inflammatory
cytokines and antimicrobial proteins and peptides [31], and to trigger the autophagy pathway
to clear the ingested organism [30]. Engagement of hematopoietic cell TLRs also produces
type I IFNs [3, 7], initiates phagocytosis of bacteria and viruses [32], and augments
macrophage bactericidal activity [33]. TLRs induce dendritic cell maturation and activation,
which migrate to the draining lymph nodes, presenting the antigen naive T cells which
induces regulatory T cell subsets [8, 34]. In parallel, the engagement of B cell TLRs induces
T-independent antibody responses [35], and TLRs are involved in the reprogramming of
regulatory T cells to T helper cells, which plays a role in modulating the adaptive immune
defense against certain pathogens [34].

TLR signaling in non-hematopoietic cells

TLRs are also expressed on a variety of non-hematopoietic cells, including epithelial cells
and endothelial cells. In the kidney, TLRs (TLR1-6 and TLR11) are found on renal
epithelial cells [36-39], and TLRs contribute to the pathogenesis of a number of renal
diseases [40-42]. Upon lipopolysaccharide (LPS) stimulation [37], renal tubular epithelial
cells secrete CC-chemokines, leading to subsequent leukocyte infiltration and tubular injury
during bacterial sepsis [36], and TLR4 on intrinsic renal cells is shown to be required for the
initiation of antibacterial immunity during renal infection [42]. Moreover, in renal tubular
epithelial cells, bacterial infections release -defensins [40, 41], small antimicrobial peptides
which are also endogenous ligands for TLR4 [43]. TLRs are also found on the renal
endothelial cells, and renal vascular endothelial cells are shown to initiate early
inflammatory responses in the setting of kidney injury [44]. TLR4 can regulate early
endothelial activation during ischemic acute kidney injury, and the endogenous TLR4 ligand
high-mobility group protein B1 (HMGBL1) released by injured renal cells up-regulates the
expression of adhesion molecules CD54 and CD62E on endothelium via TLR4, resulting in
the production of cytokines and chemokines, and in tubular apoptosis [45].

In the lung, TLRs (TLR1-11) are shown to be expressed on airway epithelial cells [46], and
activation of TLRs induces the production of cytokines [47], chemokines [48, 49], cell
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surface adhesion molecules [50] and antimicrobial peptides [51], indicating a role for TLRs
in the respiratory epithelium in the development of pulmonary inflammation. TLR9
activation in human bronchial epithelial cells augments interleukin-8 production [49]. TLR4
signaling in the respiratory epithelium is also proven to be critical in the response to inhaled
LPS [52], and disruption of NF-kB translocation in the respiratory epithelium attenuates
lung inflammation [53]. TLRs also contribute to host defense of the respiratory tract against
bacterial, mycobacterial, fungal and viral pathogens [54]. For instance, TLR3, which is
found to be constitutively expressed intracellularly in human alveolar and bronchial
epithelial cells, is regulated by influenza A virus and by dsSRNA, and TLR3 plays the vital
role of the immune response of respiratory epithelial cells to influenza A virus and dsSRNA
[47]. The TLRs also function in respiratory endothelial cells. Endothelial TLR4 functions as
the primary intravascular sentinel system for detection of bacteria [55], and LPS mediates
endothelial activation in pulmonary endothelial cells [56].

In the intestine, TLRs are proven to be expressed on the intestinal epithelial cells [39, 57—
60], intestinal endothelial cells [61, 62] and intestinal fibroblasts [63, 64]. Recent studies
have proven that TLRs play a key role in a broad range of intestinal diseases, including
inflammatory bowel diseases (IBD, i.e. Crohn’s disease and ulcerative colitis) and NEC [39,
65, 66]. TLRs, especially TLR2, TLR3, TLR4, TLR5 and TLR9, regulates epithelial cell
apoptosis, proliferation and migration, and secretion of IgA and antimicrobial peptides into
the intestine lumen [67, 68]. TLR2 maintains tight junction regulation [69], and induces
interleukin-11 protecting against lethal colitis in the intestine [70]. TLR2 knockout mice are
hyper-susceptible to intestinal injury and inflammation [69]. The expression of TLR3 is
down-regulated in active Crohn’s disease [58], and TLR3 activation protects against dextran
sodium sulfate-induced acute colitis [71]. TLR5 knockout mice develop spontaneous colitis
with increased luminal bacteria density [72], and TLRS5 activation by basolateral flagellin
produces cytokines and chemokines, such as interleukin-8 and CC-chemokine ligand 20 [59,
73], showing a protective role against colitis. TLR9 knockout intestinal epithelial cells show
a reduced NF-kB activation threshold, and TLR9 knockout mice are highly susceptible to
colitis and NEC [74, 75]. The role of TLR4 in IBD is somewhat complicated. TLR4 is
required to maintain intestinal homeostasis and protection against colonic injury [76, 77],
and TLR4 is reported to limit the bacterial translocation [77]. However, other studies reveal
that patients with IBD show increased expression of TLR4 in the intestinal mucosa [58, 78],
and TLR4 induces intestinal damage and colitis [70]. TLR4 can also mediate phagocytosis
and translocation of Gram-negative bacteria by enterocytes [14]. These apparently divergent
findings suggest that the role of TLR4 may be influenced by the specific model that is used,
the anatomic location and the degree of intestinal development [39, 79, 80].

Negative regulators of TLR signaling

A variety of studies have focused on pathways that restrict the extent of TLR signaling.
Negative regulators of TLR4 signaling include Toll-interacting protein (TOLLIP) [81],
single immunoglobulin IL-1R-related molecule (SIGIRR) [82, 83], IL-1R-associated kinases
M (IRAK-M) [84], peroxisome proliferator activated receptor-y (PPARY) [85, 86] and A20
[87], which down-regulate the extent of TLR4 signaling, and reduce the production of
inflammatory cytokines [60]. TOLLIP is an intracellular protein that inhibits TLR2 and
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TLR4 signaling [88, 89] by reducing the MyD88-dependent NF-xB activation pathways
[90]. Stimulation of intestinal epithelial cells with LPS and flagellin increases the expression
of TOLLIP [91], while TOLLIP expression in intestinal epithelial cells isolated from
inflamed IBD patients is not increased compared with that from non-inflamed IBD patients
[92]. SIGIRR regulates colonic epithelial homeostasis via inhibition of TLR-induced NF-xB
activation [83], and experimental colitis mediates the down-regulation of SIGIRR in
intestinal epithelial cells [93]. SIGIRR knockout mice have normal susceptibility to systemic
LPS toxicity but hyper-susceptibility to intestinal inflammation [94, 95], suggesting an
intestinal specific role of SIGIRR in intestinal inflammation. IRAK-M is a negative
regulator of TLR signaling [84], and IRAK-M is shown to down-regulate dextran sulfate
sodium-induced colitis [96]. The colonic epithelial cells from ulcerative colitis patients
express lower levels of PPARY [85], while PPARY ligand suppresses LPS-induced NF-xB
promoter activity and dampens the inflammation in intestinal epithelial cells [97]. A20 is a
deubiquitinating protein which inhibits NF-xB, and A20 knockout mice develop severe
inflammation and tissue damage in multiple organs including intestine [98]. Enterocyte-
specific A20 knockout mice do not show spontaneous intestinal inflammation, but exhibit
increased susceptibility to experimental colitis and tumor necrosis factor a [99]. Another
molecule that has been shown to negatively regulate TLR4 signaling and NF-xB activation
are secretory leukocyte peptidase inhibitor (SLPI). SLPI is a negative regulator of NF-xB-
mediated activation, and SLPI is up-regulated in Crohn’s disease patients and detected by
immunostaining in epithelial cells of inflamed tissue [100]. A recent study reported the
important role of SLPI in the recovery from inflammation [101].

The role of TLR4 in the pathogenesis of NEC

NEC is the leading cause of morbidity and mortality from gastrointestinal disease in
prematurely born infants (i.e. those born before 37 weeks gestational age) [102, 103]. NEC
is characterized by coagulation necrosis of patchy areas of the ileum, and to a lesser extent,
of the jejunum, colon and duodenum [103], and may rapidly progress to overwhelming
sepsis, multisystem organ failure, and death [104-106]. Despite overall improvements in
neonatal care, the survival for patients who require surgery remains only about 50% [107].
In addition to the early morbidity and mortality, those patients who survive NEC often
experience long-term complications such as short bowel syndrome and neurodevelopmental
impairment [108, 109]. Unfortunately, the lack of specific and effective treatment strategies
for NEC contributes largely to the overall high morbidity and mortality in patients with this
disease.

The precise pathogenesis of NEC remains incompletely understood, and is largely thought to
be multifactorial. In the last decade, emerging evidence has pointed to a pivotal role for the
interactions among a premature host, an inappropriate response to the colonization of the
gastrointestinal tract by microorganisms, and the provision of formula feeding [110-113].
Several clinical observations highlight the importance of these features as potentially
playing a role in disease pathogenesis. For instance, the development of NEC is almost
exclusively restricted to infants born prematurely [114], and the onset of NEC usually
occurs at 8-10 days after birth, the time when Gram-negative bacteria and other
microorganisms colonize the premature intestine [112, 115, 116]. A successful and well
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coordinated adaptation to colonization of the gut by microbes is essential, and infants with
NEC show abnormal and inappropriate bacteria colonization as manifest by low microbiota
diversity [117], increased Gram-negative pathogen colonization and high levels of
pathogens in the peritoneal cavities [118] in NEC infants. Accordingly, administration of
broad-spectrum antibiotics in newborn mice [66] and NEC infants [119, 120] decreases
bacterial load and protects against the development of NEC.

Recent studies have identified a critical role for TLRs, particularly TLR4, in NEC
pathogenesis [65]. Early studies reveal that TLR4 is expressed on the apical surface of
enterocytes [121-123], and TLR4 mediates phagocytosis and translocation of Gram-
negative bacteria by enterocytes [14]. Nanthakumar et al. and Fusunyan et al. show that
human fetal enterocytes exhibit prominent TLR4 expression compared with adult
enterocytes [124-126], and Lotz et al. shows that TLR4 signaling by microorganism
colonization is decreased in vaginal delivered term mice but not in Caesarean sectioned
preterm mice [127], which leads to the concept that TLR4 signaling triggered by earlier
exposure to microorganisms might be exaggerated in preterm intestine. In line with the
above observations, studies have shown that increased TLR4 expression and up-regulated
TLR4 signaling are associated with NEC in mice, rat and premature infants [106, 128-131].
In addition, NEC is associated with increased TLR4 activator HMGB1 [132], co-receptor
myeloid differentiation protein-2 (MD-2) [133] and co-receptor cluster of differentiation 14
[134]. Proof that TLR4 is required for the pathogenesis of NEC is found in studies by Jilling
et al. [128], as well as from our group [106, 135], in which TLR4 mutant mice were
protected from the development of NEC as compared to wild-type mice. Furthermore, TLR4
knockout mice show preservation of the small intestinal mucosa against NEC induction [66],
and reduction of TLR4 expression by polyunsaturated fatty acids in rat is protective from the
development of NEC [131]. Human NEC is also associated with increased circulating and
luminal levels of platelet-activating factor, which up-regulates TLR4 expression [136], and
platelet-activating factor inactivation decreases NEC in a neonatal rat model [137], further
indicating the pathogenic role of TLR4 in the development of NEC. Moreover, NEC in
humans is associated with significantly increased TLR4 in the intestine compared with
patients that do not develop NEC, at similar gestational ages [106]. We will now explore in
some detail the mechanisms by which TLR4 signaling within the intestinal epithelium leads
to the development of NEC.

TLRA4 regulation of intestinal injury and repair in the newborn gut

Jilling et al. reported in 2006 that the TLR4 mutant C3H/HeJ mice are protected from the
development of NEC [128], but the precise mechanisms by which TLR4 acted to mediate
NEC, and indeed, a direct link between TLR4 and the development of intestinal
inflammation, remained unproven. We confirmed Jilling’s findings in C3H/HeJ mice [106],
as well as in TLR4 knockout mice [66, 135]. In seeking to understand the mechanisms
involved, we demonstrated that TLR4 activation leads to an increase in enterocyte apoptosis
and a reduction in enterocyte proliferation and migration in the premature intestine, which
promotes intestinal injury and reduces the capacity of mucosal repair [106, 138, 139]. TLR4
activation was found to significantly inhibit enterocyte proliferation in the ileum of newborn
mice, but not of adult mice [135]. In additional studies, we found that TLR4 signaling within
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enterocytes leads to the phosphorylation of glycogen synthase kinase 3 and inhibition of
the B-catenin signaling pathway, which ultimately reduced the extent of enterocyte
proliferation [135]. In focusing on the important cells that mediate replenishment of the
injured mucosa, we determined that TLR4 is expressed on the surface of Leucine-rich
repeat-containing G protein-coupled receptor 5-positive intestinal stem cells, and more
interestingly, TLR4 activation causes decreased proliferation and increased apoptosis in
intestinal stem cells [138]. Such an impairment of intestinal stem cell proliferation and
number by TLR4 was found to be dependent on the activation of p53-up-regulated
modulator of apoptosis, a crucial mediator of p53-dependent and p53-independent apoptosis
[140, 141], which prevented cell division [138].

In addition to deleterious effects on apoptosis and proliferation, TLR4 activation also causes
a reduction in enterocyte migration [106, 142]. Enterocytes migrate up toward the villus tip
or across a wound, providing a protective mechanism to repair minor mucosal damages
[143]. On the contrary, disruption in enterocyte migration markedly reduces intestinal repair
and regeneration [144], and exposure of enterocytes to LPS leads to significantly decreased
enterocyte migration due to an increase in focal adhesion kinase-dependent cell matrix
adhesiveness [106, 121, 142, 144]. In seeking to understand the mechanisms by which TLR4
activation can impair enterocyte migration, we have shown that TLR4 signaling leads to a
marked induction of autophagy within the intestinal epithelium, which is required for the
impaired migration to occur [126]. The premature intestine in human and mice showed
increased autophagy genes compared with mature intestine, and the increased enterocyte
autophagy is required for NEC development, as mice lacking the autophagy gene
autophagy-related protein 7 from the intestinal epithelium did not develop NEC as compared
to wild-type mice [126]. TLR4 induced autophagy causes impairment in enterocyte
migration in a mechanism which requires activation of Rho-GTPase in enterocytes [126].
HMGB1, another TLR4 activator, affects cell-matrix adhesiveness in enterocytes, and
HMGB1-induced TLR4 activation inhibits enterocyte migration through activation of the
RhoA (Ras homolog gene family, member A) as indicated by increased phosphorylation of
cofilin [139]. Taken together, these findings show that TLR4 signaling leads to impairment
in enterocyte migration through effects on cell-matrix interactions, enterocyte apoptosis and
cell adhesions.

TLR4 signaling in epithelial and endothelial cells is required for the

development of NEC

As described above, TLR4 is expressed on hematopoietic cells [10, 11], as well as non-
hematopoietic cells including epithelial cells [124] and endothelial cells [145]. To
investigate the precise role of TLR4 in NEC development in epithelial cells and endothelial
cells, we generated mice lacking TLR4 selectively within the intestinal epithelium
(TLR4A1EC mice) [66] and within endothelium (TLR42endoth mice) [146]. TLR4 activation
in the intestinal epithelium was found to lead to NEC in part through the induction of
mucosal injury via increased apoptosis, as well as through reduced mucosal repair, and
through reduced proliferation and migration [106, 135, 139]. In addition, TLR4 activation in
the intestinal epithelium was found to play a previously unrecognized role in intestinal
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differentiation, as TLR42!EC mice showed significantly increased goblet cell differentiation
as well as reduced NEC severity which is comparable to that seen in TLR4 knockout mice,
which lack TLR4 in all cells [66]. In seeking to understand the mechanisms by which TLR4
regulates enterocyte differentiation, TLR4 deletion was found to suppress Notch signaling in
the small intestinal epithelium, which resulted in increased goblet cell differentiation and
decreased NEC severity [66]. Interestingly, bile acids, which are significantly increased
during the development of NEC [147] and are associated with reduced goblet cells and
decreased mucin Muc2 expression in premature ileum [148], are significantly reduced in
TLR42EC mice and TLR4 knockout mice [66].

TLR4 activation in the endothelium was found to be required for the development of NEC
as NEC severity was significantly reduced in TLR4Aendoth mice [146]. Detailed analysis
revealed that TLR4 activation in the endothelium leads to a reduction in endothelial nitric
oxide synthase (eNOS), while the expression of eNOS is significantly reduced in NEC. In
addition, eNOS knockout mice developed severe NEC [146]. ENOS is responsible for the
generation of nitric oxide [149], which regulates microcirculatory perfusion in intestine
[150]. Strikingly, TLR4 activation significantly reduced microcirculatory perfusion in the
immature intestine in TLR4 knockout mice, while it does not impair perfusion of the
intestinal microcirculation in TLR42endoth mice [146]. The above observations strongly
suggest that TLR4 activation in the endothelium leads to the development of NEC via the
reduction of eNOS and intestinal microcirculatory perfusion. Importantly, the administration
of the nitric oxide donor sodium nitrate to mice that had been administered formula was
found to restore mesenteric perfusion in the face of persistent endothelial TLR4 signaling,
and thus to reverse the deleterious effects of formula administration on NEC development
[146]. Consistent with these findings, the administration of the phosphodiesterase-5 inhibitor
sildenafil to maintain intraluminal nitric oxide activity [151] also markedly reduces NEC
severity [146], while eNOS deficient mice demonstrated a significantly increased NEC
phenotype. These findings confirm the importance of endothelial nitric oxide regulation in
NEC pathogenesis, and may explain why infant formula — which is deficient in nitrate — may
predispose to the development of this disease.

Cellular regulation of TLR4 signaling as a therapeutic target in NEC

Having shown that TLR4 activation plays a pivotal role in the development of NEC, the
question emerges as to whether TLR4 and its associated downstream pathways can serve as
preventive or therapeutic targets against NEC. Below, we will summarize recent studies that
have tried to answer this question.

i. Intracellular inhibitor, heat shock protein 70 (HSP70)

HSP70 is an important member of the heat shock protein family, which is strongly up-
regulated by various environmental stressors including heat, but also reactive oxygen
species [152, 153], ultraviolet light [154], y-irradiation [155] and chemicals [156]. We have
recently shown that HSP70 is down-regulated in the inflamed intestine in NEC [157], while
others have reported that HSP70 is decreased in IBD [158]. In seeking to understand the role
of HSP70 down-regulation in NEC, we showed that intracellular HSP70 induction in
enterocytes up-regulates co-chaperone carboxyl-terminus of HSP70 interacting protein-
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mediated ubiquitination of TLR4, which leads to the proteasomal degradation of TLR4, and
subsequently a down-regulation of NEC severity [157]. Importantly, we showed that the
administration of the cell permeable triterpenoid antioxidant celastrol led to the
pharmacologic induction of intracellular HSP70 [159, 160], which inhibited TLR4 signaling
in the intestinal epithelium and attenuated NEC severity [157]. Glutamine, one of the non-
essential amino acids, protects against gut injury and promotes mucosal healing through
HSP70 induction [161], and glutamine treatment is associated with TLR4 down-regulation
[162]. Interestingly, glutamine supplementation was shown to reduces the histologic
evidence of hypoxia-reoxygenation-induced intestinal injury in experimental NEC [163],
and was suggested to have beneficial effects on intestinal integrity and the overall incidence
of NEC in preterm infants [164].

ii. Inhibition of Notch signaling

It has been suggested that increased luminal bile acids [165], abnormal bile acid metabolism
[147] and dysregulated bile acid transporters [166, 167] contribute to NEC via dampening
goblet cell differentiation and decreasing mucin Muc2 expression in premature ileum [148].
We further showed that bile acids activated Notch signaling plays a role in the development
of NEC [66]. These findings suggest that the inhibition of Notch signaling could serve as a
preventive or therapeutic target in patients with NEC. In support of this possibility, the
administration of dibenzazepine, a pharmacologic inhibitor of y-secretase and Notch
signaling [168], was found to markedly increase the number of goblet cells in the premature
intestine and to therefore dramatically reduce NEC severity [66]. These findings raise the
possibility that small molecule approaches that regulate Notch signaling could prevent or
treat NEC in part through effects on goblet cell differentiation.

iii. Crosstalk between TLR4 and other innate immune receptors (TLR9 and NOD2)

Several studies have indicated that the crosstalk between TLR4 and other innate immune
receptors play essential roles in the extent and severity of the innate immune response in the
gut in the pathogenesis of NEC. For instance, the TLR4 homologue TLR9, which recognizes
the CpG-DNA from bacteria, mycobacteria, parasite plasmodium and viruses [10], has been
shown to limit the extent of TLR4 signaling in enterocytes [75]. NEC in both mice and
humans was associated with decreased expression of TLR9 in the intestine, and TLR9
knockout mice exhibited increased NEC severity [75]. Although TLR9 can induce
inflammatory signaling when signaling in hematopoietic cells [169], TLR9 activation with
CpG-DNA inhibited TLR4 signaling in enterocytes both in vitro and in the premature
intestine in a mechanism dependent upon the inhibitory molecule IRAK-M [75], a negative
regulator of TLR4 signaling [84]. Importantly, the administration of CoG-DNA dramatically
reduced NEC development through reduced enterocyte apoptosis and bacterial translocation
[75]. Another innate immune receptor, nucleotide-binding oligomerization domain-2
(NOD?2), is a member of nucleotide oligomerization domain-like receptor family, which
regulates the host innate immune response through recognition of muramyl-di-peptide
(MDP) which is present on gram positive bacteria [170]. NOD2 activation by the bacterial
ligand MDP was found to inhibit TLR4 signaling in enterocytes, resulting in reduced
enterocyte apoptosis [171]. Administration of MDP down-regulated the apoptosis regulatory
protein SMAC-DIABLO (second mitochondria-derived activator of caspase/direct inhibitor
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of apoptosis-binding protein with low PI) [171], a mitochondrial protein which promotes
caspase activation by binding to inhibitor of apoptosis proteins and removing their inhibitory
activity [172], and markedly attenuates the degree of intestinal injury and NEC severity
[171]. These findings suggest that that modulation of the crosstalk between various innate
immune receptors within the intestine of the premature infant may be harnessed in order to
reduce NEC severity.

Reduction in NEC severity through the administration of amniotic fluid

The developing fetus continuously swallows amniotic fluid, which then passes through the
premature gastrointestinal tract. Although amniotic fluid is not the nutritional mainstay of
the fetus [173], amniotic fluid acts as a source of growth factors, and is particularly abundant
in epidermal growth factor [174, 175]. Given that the premature infant is not exposed to
amniotic fluid as a necessary consequence of early delivery, we sought to investigate
whether amniotic fluid supplementation could attenuate NEC severity, and if so, whether
amniotic fluid could inhibit TLR4 signaling within the developing gut. In support of this
possibility, we showed that the administration of amniotic fluid reduced the severity of NEC
in mice [176], a finding that was subsequently confirmed in piglet models by others [177].
Importantly, we showed that amniotic fluid reduced TLR4 signaling in the gut through the
activation of epidermal growth factor receptor, which directly reduced the extent of TLR4
signaling through up-regulation of the transcription factor PPAR-y [176], which exerts anti-
inflammatory effects within the intestine [178]. These findings reveal that the susceptibility
of premature infants to NEC may stem in part from exaggerated TLR4 signaling in the
absence of amniotic fluid, and also suggest that the administration of amniotic fluid — either
natural or synthetically manufactured — could play a protective or therapeutic role in NEC
[176].

In silico search for small molecules that could prevent or treat NEC

Having shown the importance of TLR4 signaling in the pathogenesis of NEC, we sought to
identify novel TLR4 inhibitors that could have therapeutic benefit. To do so, we performed
an in silico similarity search based on the structure of E5564, a synthetic lipid A analogue
which was shown to inhibit LPS signaling [179, 180]. As a result of these studies, we
identified and subsequently synthesized a novel TLR4 inhibitor — which we have termed
C34 [181]. C34 is an aminomonosaccharide which docks into the hydrophobic pocket in
MD-2, resulting inhibition of TLR4 signaling. Administration of C34 in experimental NEC
attenuated NEC severity, and strikingly, C34 inhibited TLR4 signaling in human tissue ex
vivo obtained from infants with NEC, indicating the possibility to use C34 as a new
therapeutic option in NEC [181]. Importantly, C34 is an aminomonosaccharide, which
shares molecular similarities with other oligosaccharides that are present in human breast
milk. Human milk is well known to be the most important nutritional strategy to attenuate
NEC development, although the protective properties of NEC are incompletely understood
[182-184]. This suggests the possibility that other identified human milk oligosaccharides,
such as disialyllacto-N-tetraose, could act in the protection of NEC through previously
unrecognized inhibitory effects on TLR4 signaling.
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Lactobacillus reuteri reduce NEC incidence and severity via modulation of

TLR4

Probiatics, beneficial live microorganisms when administered to the host, has been
suggested to be associated with reduced NEC incidence and severity in both animal NEC
models [185-188] and infants [189-191]. L. reuteri strains DSM 17938 and ATCC PTA
4659 were proven to decrease the expression of TLR4 and NF-«xB, inhibit phosphorylation
of NF-xB inhibitor 1xB, and down-regulate the expression of inflammatory cytokines TNF-
a, IL-6 and IL-1p in experimental NEC rat models [191]. Moreover, prophylactic initiation
of L. reuteri DSM 17938 showed a significant decreasing on feeding tolerance and duration
of hospitalization in premature infants with birth weight less than 1500 grams [192] and a
significant benefit for prevention of NEC in infants with birth weight less than 1000 grams
[191].

Putting it all together: summary and future directions

Given the high morbidity and mortality that is seen in patients with NEC, it is clear that
more effective preventative and therapeutic strategies are desperately needed. We have
identified a critical role for TLR4 signaling in the intestinal epithelium in the development
of NEC, as TLR4 signaling is elevated in humans who develop NEC, while mice lacking
TLR4 are protected from disease development. The premature infant is particularly
susceptible to NEC development as TLR4 expression is significantly increased in the
premature intestine as compared to the full term intestine, which reflects the recently
recognized role of TLR4 in regulating normal intestinal differentiation. We and others have
shown that in the post-natal period, TLR4 regulates the balance between injury and repair in
the premature intestinal tract as well as the extent of perfusion of the intestine, while the
crosstalk between different innate immune receptors and negative regulatory factors can
influence the extent of TLR4 activation that occurs in response to microbial colonization of
the premature infant Gl tract. Insights from the use of biologic fluids such as amniotic fluid,
as well as from small molecules that are found within breast milk, may expand our
understanding of the pathogenesis of NEC, while also suggesting novel therapeutic
strategies for this disease. In fact, based upon the studies summarized above, there is reason
to believe that a variety of new and promising therapies against NEC may be on the horizon,
including celastrol, which induces intracellular HSP70 expression, dibenzazepine, which
inhibit Notch signaling and increases goblet cell differentiation, CpG-DNA, which activates
TLR9 and reduces TLR4 signaling in the gut, MDP, which stimulates NOD2 signaling and
negatively regulates TLR4, epidermal growth factor, which increases PPAR-y and reduces
the extent of TLR4-induced inflammation, sodium nitrate and sildenafil which preserve
intestinal perfusion in the face of tonic endothelial TLR4 signaling, novel molecules such as
the amino-monosaccharide C34, which docks with and prevents downstream signaling of
TLR4 co-receptor MD-2, and probiotics L. reuteri, which inhibit TLR4 and NF-xB, thereby
significantly inhibiting TLR4 activation and downstream signaling cascades and markedly
reducing NEC severity. Future studies on understanding the precise point at which TLR4
signaling becomes injurious to the premature infant, and factors that influence disease
susceptibility and therefore may serve as important biomarkers to predict disease
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development will enhance our understanding of how to more effectively treat these fragile

patients, and in so doing, will hopefully reduce the severity of this devastating disease.
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