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ABSTRACT: Necrotizing enterocolitis (NEC) is the leading cause
of death from gastrointestinal disease in the preterm infant. The
dismal results of current treatment for NEC highlight the urgent need
for greater understanding of the pathogenesis of this disease, and the
importance of discovering novel, molecular-specific therapies for it.
Current dogma indicates that NEC development reflects an abnormal
response by the premature infant to the microbial flora that colonizes
the gastrointestinal tract, although the mechanisms that mediate these
abnormal bacterial-enterocyte interactions and the reasons for the
particularly increased susceptibility of the premature infant to the
development of NEC remain incompletely explained. Recent evi-
dence has shed light on an emerging role for the Toll-like receptors
(TLRs) of the innate immune system as central players in the
pathways that signal in response to enteric bacteria resulting in the
development of NEC. We now review recent advances in the field of
NEC and identify several exciting potential avenues for novel treat-
ments by focusing on abnormal TLR4 signaling in the premature
intestine in the pathogenesis of NEC. In so doing, we seek to offer
new hope to the patients and their families who are affected by this
devastating disorder. (Pediatr Res 69: 183–188, 2011)

BACTERIAL-ENTEROCYTE SIGNALING IN
THE PATHOGENESIS OF

NECROTIZING ENTEROCOLITIS

Necrotizing enterocolitis (NEC) is the leading cause of
death from gastrointestinal disease in neonates and remains a
major cause of morbidity in survivors (1,2). Despite many
years of research into NEC pathogenesis and treatment, rela-
tively little progress has been made toward improving the
outcome of patients with NEC since its initial description in
1965 (3), and surgical survival remains �50% (4). Despite the
marked improvements in overall neonatal care in general, the
management approach to the infant with NEC has not changed
in the past 30 y, and the outcome is generally as poor today as
it was 3 decades ago (5). Based on these sobering statistics, it

is clear that new therapeutic approaches to NEC are required
and that such approaches will demand a greater understanding
of the molecular mechanisms that contribute to the develop-
ment of this disease. As was recently summarized by the 2006
NICHD workshop on NEC research, “NEC can be thought to
arise from an uncontrolled exuberant inflammatory response
to bacterial colonization that characterizes the intestine of
premature infant” (6). Several investigators have now exam-
ined the mechanisms that mediate the signaling response of
the newborn intestine to bacteria and have detailed the con-
sequences of this signaling response to the pathogenesis of
NEC. In particular, these studies have uncovered an essential
role for a class of bacterial receptors named Toll-like receptors
(TLRs) in the pathogenesis of NEC and have provided com-
pelling evidence to suggest that blunting the ability of TLRs to
signal within the intestinal epithelium of the newborn infant
may either prevent or treat NEC. These findings place the
spotlight on the molecular basis that underlies the interaction
between the intestinal epithelium and the commensal micro-
bial flora and have also identified that the ability of TLRs to
respond to bacteria within the newborn intestinal epithelium
may in part explain the particular susceptibility of the prema-
ture infant to the development of NEC. In this review, we will
now describe the molecular events that regulate TLR signal-
ing, highlight the evidence for TLR-bacterial signaling in the
pathogenesis of NEC, and explain the basis for a novel
therapeutic approach for NEC involving the selective silenc-
ing of TLRs within the newborn intestinal epithelium.

THE IMMUNE SYSTEM OF THE NEWBORN
INTESTINE: MAINTAINING HOMEOSTASIS IN THE

INFANT GUT

The recognition of microbial antigens by the newborn host
may be accomplished through two intertwined arms of the
immune system: the innate immune system, which consists of
cells and their receptors that from a network of “first respond-
ers” that are programmed to respond rapidly to microbes; and
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the adaptive immune system, which requires prior exposure to
antigenic stimuli and the release of antibodies by lymphocytes
(7). Several authors have shown that the adaptive immune
system is significantly underdeveloped in the newborn, which
may in part contribute to the development of NEC (8). Recent
work has also shed light on the important and exciting role of
the innate immune receptors of the intestinal epithelium in the
development of NEC. These receptors detect unique molecu-
lar sequences on bacteria and other potential pathogens, and
because they share homology with the Toll protein of the fly
innate immune system, they have been termed as the TLRs
(9,10). Ten individual TLRs have been identified in humans—
which are termed TLR1 through TLR10, respectively (11).
TLR4 is known to be the receptor for lipopolysaccharide
(LPS), which is the outer membrane component of Gram-
negative bacteria (12). A role for LPS—and by extension for
TLR4—in the pathogenesis of NEC is highlighted by the
findings that LPS administration in association with systemic
stress induces NEC in animals (13–15); serum levels of LPS
are increased in patients with both NEC and inflammatory
bowel disease, a disorder that shares histopathological features
with NEC (16–19); and levels of LPS are significantly in-
creased in the stools of infants and mice that develop NEC
compared with healthy counterparts (20,21). Taken together,
these findings indicate that LPS may play an important role
in the pathogenesis of NEC and suggest that strategies that limit
the responsiveness to LPS may provide a therapeutic approach to
the management of this disease. On the basis of these lines of
rationale, we will now consider the role of the TLR4 within the
intestinal epithelium in the pathogenesis of NEC.

EVIDENCE TO SUPPORT AN ESSENTIAL ROLE
FOR TLR4 IN THE PATHOGENESIS OF NEC

Based on the observation that NEC is known to develop
after the intestine has been colonized with Gram-negative
bacteria, several laboratories have sought to establish whether
TLR4—the receptor for Gram-negative bacteria—may play a
role in the pathogenesis of this disease. The Caplan laboratory
showed in 2006 that mice with mutations in TLR4 are pro-
tected from the development of NEC (22), whereas the
Hackam laboratory in 2007 confirmed that mice lacking TLR4
do not develop NEC and extended these observations by
demonstrating that TLR4 signaling regulates the balance be-
tween injury and repair in the newborn intestine (21). Several
laboratories have shown that TLR4 is increased in the intes-
tinal mucosa of mice, rats, and humans with NEC compared
with controls (21,23), and that activation of enterocyte TLR4
leads to an increase in death of the cells that line the intestine
through the process of apoptosis (24). Along with the increase
in epithelial death that accompanies TLR4 activation in the
newborn small intestine, TLR4 activation within the intestine
was also found to reduce the capacity of mucosal healing to
occur because of a reduction in enterocyte proliferation (25)
and reduced enterocyte migration (26). Taken together, these
findings demonstrate that TLR4 activation in the newborn
small intestine leads to the development of NEC through

profound and deleterious effects on promoting intestinal injury
and reducing the capacity for mucosal repair.
Other authors have shed light on additional roles played by

TLR4 in the pathogenesis of NEC. Luk and coworkers (23)
have shown that the activity of the TLR4 signaling pathway
was up-regulated in intestinal tissues from premature neonates
and rats with NEC compared with controls. Wolfs et al. (27)
have shown that the absence of the key TLR4 regulatory
molecule MD-2 in the immature infant bowel may lead to
impaired bacterial sensing and thus predispose to NEC on
microbial colonization of the premature intestine. This
concept is supported by the work of Liu et al. (28) who
reported that TLR4 expression and signaling is increased in
the intestine of rats with NEC when compared with control
rats, and that such increases precede histological evidence
of mucosal injury in this disease. Further evidence of the
physiological relevance of these findings is demonstrated by
Lu et al. (29), who showed that while TLR4 expression is
increased in the intestinal mucosa of rats with NEC, agents
known to reduce NEC—namely polyunsaturated fatty acids—
may protect from the development of NEC through a reduc-
tion in TLR4 expression.

HOW DOES TLR4 ACTIVATION IN THE NEWBORN
SMALL INTESTINE INHIBIT MUCOSAL REPAIR?

As summarized earlier, defects in the newborn intestinal
mucosa—as may be induced through the apoptosis of entero-
cytes—are rapidly repaired through the combined processes of
restitution, a process that involves the migration of healthy
enterocytes adjacent to the mucosal defect into the wound, and
proliferation, which involves the generation of new entero-
cytes from intestinal stem cells that are present within the
intestinal crypts. In seeking to explore the mechanisms by
which TLR4 adversely affects mucosal repair, TLR4 activa-
tion was observed to increase the adhesiveness that entero-
cytes exert on their underlying matrix, profoundly restricting
their ability to move along the basement membrane (30,31).
TLR4 activation was also found to inhibit enterocyte prolif-
eration through direct dysregulation of the wnt-�-catenin sig-
naling pathway, which is the predominant signaling cascade
that regulates cell division within the intestine (25). It is also
important to emphasize that TLR4 activation in entero-
cytes—as opposed to other TLR4-expressing cells such as
macrophages—was found to be important in the pathogenesis
of experimental NEC, as the delivery of viral particles to the
intestinal epithelium of mice that inhibited TLR4 in entero-
cytes reduced NEC severity (25). Taken in aggregate, these
findings demonstrate that TLR4 activation within the intesti-
nal epithelium exerts deleterious effects on the small intestinal
mucosa by promoting intestinal injury and reducing mucosal
repair and thus play a central role in the pathogenesis of NEC.

COULD TLR4 ACTIVATION EVER PROTECT
AGAINST THE DEVELOPMENT OF NEC?

Although these studies suggest that TLR4 signaling on
enterocytes is responsible for the development of NEC, they
do not exclude a role for other TLRs on other cell types nor do
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they reject the possibility that TLR4 may serve a protective
role within other parts of the intestine or in nonnewborn states.
In support of this possibility, Zheng et al. (32) have recently
shown that TLR4 signaling in response to the endogenous
matrix protein hyaluronic acid led to enhanced mucosal repair
via the production of prostaglandin E2 and protection from
colonic inflammation. Moreover, in two separate publications
from the same laboratory, Fukata et al. (33) have shown that
TLR4 signaling is required for optimal proliferation and pro-
tection against apoptosis in the injured adult colon in experi-
mental colitis, whereas adult mice that lack TLR4 demonstrate
increased severity of colitis compared with WT counterparts
(34). In a landmark article in Cell, Rakoff-Nahoum et al. (35)
demonstrated that in adult mice under baseline conditions, the
activation of TLRs by commensal microflora is required for
protection against colonic injury. How can we therefore rec-
oncile the data showing that TLR4 signaling is required for the
development of NEC with studies showing that TLR4 exerts a
protective role in colitis? The first possible explanation is that
TLR4 activation may have different effects in different parts of
the intestine. In support of this possibility, TLR4 activation
with LPS was recently found to lead to mucosal injury be-
cause of enterocyte apoptosis in the terminal ileum of new-
born mice but not adult mice and in the small intestine but not
the newborn colon (24). These findings are not actually at
odds with the work of Fukata et al. (33) or of Medzhitov and
cworkers (35), who have elegantly shown that TLR4 activa-
tion is protective in the colon in mature (i.e. nonnewborn)
mice. It should also be stated that the models used to induce
NEC in the laboratory, which typically use a combination of
systemic hypoxia and administration of formula by gavage,
differ markedly from those used to induce colitis, which
typically involve the administration of agents with local tox-
icity to the colon. Because TLR4 is expressed not only on
enterocytes but also on macrophages present within the intes-
tine, it is possible that the protective effects attributed to TLR4
signaling in the gut by Fukata et al. who use global TLR4
deficient mice may reflect in part the mitigating effects of
TLR4 signaling on other cells. In support of this possibility,
we note that Fukata et al. have recently shown in an elegant
study using chimeric mice that TLR4 signaling in colonic
epithelial cells worsened intestinal inflammation (i.e. was
required for recruitment and activation of cox-2 expressing
macrophages and determining the degree of histological in-
jury) (36). Taken together, these findings strongly argue that
the effect of TLR4 in the development of intestinal inflamma-
tion is demonstrably influenced by a variety of factors, includ-
ing the effector cells involved (enterocyte versus immune
cell), developmental factors (newborn versus adult), and re-
gion of the intestine (small bowel versus large bowel).

KEEPING TLR4 SIGNALING IN THE INTESTINAL
EPITHELIUM IN CHECK: MECHANISMS THAT

DAMPEN TLR4 SIGNALING

The fact that TLR4 signaling in the intestinal epithelium in
response to commensal enteric flora can lead to NEC raises an
important question: what prevents NEC from occurring spon-

taneously in every infant? It is apparent that the host has
evolved several strategies that limit the extent of TLR4 sig-
naling in enterocytes that occurs after LPS binding. Inhibition
of the various downstream effector molecules that are required
for intact TLR4 signaling can dampen the TLR4 response. As
an example of this method by which TLR4 signaling can be
reduced in enterocytes, Lotz et al. (37) have shown that the
enterocytes of vaginally born—but not C-section delivered
mice—are relatively resistant to TLR4 activation in vitro
because of a posttranscriptional down-regulation of the IL-1
receptor-associated kinase 1, which has been shown to be
essential for epithelial TLR4 signaling in vitro. Wang et al.
(38) have shown that expression of MAPK phosphatase 1
leads to a reduction in the extent of signaling through TLR4—
and other TLRs—in enterocytes, in what seems to be a
negative feedback loop requiring nuclear factor kappa B
(NFkB), which is the downstream effector of TLR4 activation.
This same group also recently demonstrated that the ubiquitin-
editing enzyme A20 can limit the extent of TLR4 signaling in
enterocytes, as evidenced by the increased degree of intestinal
inflammation occurring in A20-deficient mice, although the
precise mechanisms involved remain incompletely understood
(39). Recent evidence also suggests that cross-talk between
two other innate immune receptors—namely TLR9, which is
a homologue of TLR4 and a receptor for bacterial DNA, and
nucleotide oligomerization domain 2 (NOD2), which is the
receptor for the bacterial component muramyl-di-peptide
(MDP)—can prevent exaggerated TLR4 signaling. TLR9 is
the receptor in enterocytes for bacterial DNA, which is rich in
CpG groups and significantly hypomethylated, in contrast to
mammalian DNA. We demonstrated that activation of TLR9
with CpG-DNA in enterocytes both in vitro and in the new-
born intestine led to reduced TLR4 signaling as manifest by
reduced cytokine production and decreased apoptosis through
a mechanism that involved the up-regulation of the cytoplas-
mic inhibitor IRAK-M, which interferes with the downstream
signaling of TLR4 (40). The reciprocal expression of TLR9
and TLR4 was found to influence the extent of TLR4 signal-
ing, and the development of NEC was accompanied by a
relative increase in TLR4 with a concomitant reduction in
the protective TLR9 (40). Indeed, these findings may ex-
plain the relative protective value observed from probiotic
administration to infants with NEC (5), as these probiotic
preparations are rich in bacterial DNA, through which
activation of TLR9 on the host would be expected to limit
TLR4 signaling and reduce NEC severity. In recent exper-
iments, our laboratory has shown that the cytoplasmic
bacterial sensor NOD2—which recognizes the bacterial
motif MDP and which has risen to recent prominence
because of the mutations in NOD2 are linked to the devel-
opment of inflammatory bowel disease in humans (41)—
limits TLR4 signaling through posttranslational effects on
TLR4 and through the up-regulation of the proapoptosis pro-
tein SMAC-diablo (24). In seeking to identify the signaling
pathways involved, we now uncover a novel pathway linking
these innate immune receptors with the mitochondrial protein
SMAC-diablo, which serves to regulate the extent by which
NOD2 activation with MDP limits the extent of TLR4-
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induced intestinal injury and thus serve as a potential thera-
peutic agent for NEC. From a therapeutic point of view,
activation of TLR9 by the administration of CpG-DNA or
activation of NOD2 with administration of MDP resulted in a
marked reduction in the severity of experimental NEC in
mice. These findings not only highlight the mechanisms that
maintain levels of TLR4 signaling under physiological condi-
tions but also suggest novel therapeutic approaches to this
devastating disease.
These studies raise the possibility that the administration of

CpG-DNA may provide therapeutic benefit to infants with
NEC, or alternatively, may serve as a preventive strategy
when administered to premature infants who are at risk for the
development of the disease in the first place. Although we are
actively pursuing such possibilities, we readily acknowledge
that the administration of CpG-DNA to infants may carry
some risk, either from activation of immune effector cells
and/or by inhibiting any protective effects otherwise conferred
by TLR4. Carefully designed studies will be required to
determine the beneficial versus adverse effects of strategies
that use molecules like CpG-DNA or related isoforms in the
prevention or treatment of NEC.

COULD TLR4 ACTIVATION BE LINKED WITH
PLATELET-ACTIVATING FACTOR SIGNALING IN

THE PATHOGENESIS OF NEC?

As described earlier, work from various laboratories has
demonstrated that TLR4 signaling plays a pivotal role in the
pathogenesis of NEC in large part through the regulation of
mucosal injury and repair in the newborn gut. However, it is
important to point out the effects of TLR4 on mucosal repair
mechanisms do not occur in isolation, and indeed, are likely to
act in concert with other proinflammatory signaling pathways
that lead to the development of NEC. In this regard, platelet-
activating factor (PAF) is a potent lipid mediator that is
released by a variety of cells including peritoneal cells (42)
and macrophages (43) and is capable of eliciting proinflam-
matory responses in several cell types (44). Caplan and co-
workers and others (45–48) have elegantly demonstrated an
important role for PAF in NEC pathogenesis. The neonatal
intestine was found to have high PAF biosynthetic activity
(45), and PAF levels were significantly increased in the stools
of infants with NEC compared with healthy controls (46).
Moreover, the PAF receptor antagonist WEB2170 was found
to prevent NEC in rats (47) and recombinant PAF acetylhy-
drolase—which degrades PAF—was found to reduce the in-
cidence of NEC in rats (48). These findings suggest the
possibility of that a potential relationship may exist between
PAF and TLR4. In support of this concept, Worthen et al. (49)
have previously shown that LPS—the receptor for TLR4—
enhances PAF release from neutrophils. Taken together, these
lines of evidence argue for a link between TLR4 and PAF
signaling in the premature infant and provide a conceptual
bridge between two pivotal pathways required for the patho-
genesis of NEC.

HOW TLR4 SIGNALING IN THE GUT MAY
EXPLAIN WHY THE PREMATURE INFANT IS AT
PARTICULAR RISK FOR THE DEVELOPMENT

OF NEC

Prematurity is the greatest risk factor for the development
of NEC, and 90% of cases of the disease occur in premature
infants. Several authors have provided insights into the pos-
sible explanations for the unique susceptibility of the prema-
ture infant to the devastating and acute onset of necrosis that
leads to NEC. Specifically, intestinal peristalsis, macrophage
phagocytosis, gastric acidification, and even epithelial barrier
integrity have all reportedly been shown to be impaired in
premature infants compared with full-term counterparts (50).
However, although these features may provide a satisfactory
explanation as to why the premature infant is at particularly
increased risk for sepsis in general, none of these features—
either alone or in combination—is sufficient to explain how
the premature infant intestine develops the massive gross and
microscopic features of NEC. By contrast, a focus on the role
of TLR4 signaling in the intestinal epithelium may offer
additional insights into the unique susceptibility of the prema-
ture infant to the NEC development. We have recently dem-
onstrated that the expression of TLR4 within the intestine rises
during gestation in the mouse and then falls shortly before
birth (40). The finding that TLR4 expression rises in the
intestine of the fetus during development suggests the distinct
possibility that TLR4 may signal in response to agonists
within the microenvironment of the developing intestine other
than LPS (31). The increased expression of TLR4 in the fetal
intestine toward the end of development would expectedly be
reflected in an increase in expression of TLR4 in the intestine
of the premature infant, who is essentially under developed,
assuming that similar mechanisms regulate murine and human
TLR4 expression in the gut. In support of this possibility, we
and others have determined that TLR4 expression is increased
in the bowel of infants with NEC compared with control
bowel (21). On the basis of these findings, we now believe that
the premature infant has a selective predisposition to the
development of NEC because of the persistently increased
expression of TLR4 in its underdeveloped intestine.

PUTTING IT ALL TOGETHER—AN OVERRIDING
HYPOTHESIS TO EXPLAIN HOW TLR4 SIGNALING

LEADS TO THE DEVELOPMENT OF NEC

On the basis of the work performed in a variety of labora-
tories as described earlier, we now submit that NEC is a
disease that is characterized by impaired signaling in response
to the indigenous microflora of the newborn infant. On the
basis of our recent discovery that prematurity, hypoxia, and
endotoxemia—three clinical features that are characteristic of
NEC—lead to persistent up-regulation of intestinal TLR4
(21), we now propose that part of the mechanism of NEC
reflects the inability of the intestine to down-regulate TLR4
signaling to become tolerant to the luminal bacteria. This
would be expected to lead to exaggerated TLR4 signaling on
bacterial colonization, resulting in increased intestinal injury
by apoptosis and reduced healing because of impaired entero-
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cyte proliferation and migration, leading to persistent suscep-
tibility to mucosal injury and the development of NEC. We
further speculate that other factors that are known to lead to
the development of NEC (such as PAF, various chemokines,
and reactive oxygen species) may act at least in part through
increased expression or signaling of TLR4 in the intestinal
mucosa of the premature infant. These findings expand the
current understanding of the role of TLR4 in intestinal ho-
meostasis, while also providing novel insights into the molec-
ular mechanisms that lead to NEC and are summarized in
Figure 1.

SUMMARY AND FUTURE DIRECTIONS

NEC still remains a major unsolved medical challenge, for
which no specific therapy exists. We have highlighted an
important role for TLR4 signaling within the intestinal epi-
thelium in the development of NEC, a finding that may
account in part for the increased susceptibility of the prema-
ture infant—whose levels of TLR4 remain persistently
high—to develop this devastating disease. Placing the spot-
light on TLR4 has allowed us to explore potential therapies for
this disease, in particular, the compound CpG-DNA, which
acts to inhibit TLR4 signaling via effects on TLR9, and MDP,
which inhibits TLR4 signaling via activation on NOD2,
thereby dramatically reducing the severity of NEC in mice.
Future directions in the field to understand the roles of vas-
cular networks, intestinal stem cells, genetic factors, and the
intestinal microbiome are likely to provide tremendous in-
sights into the development of this disease. Moreover, the
possibility that the expression levels of TLR4 on the intestinal

epithelium or in the stool may serve as a biomarker for infants
at risk for the development of NEC is likely to be an area of
active investigation now and in the future. Through these
combined efforts, it is hoped that a new understanding of NEC
will arise, thereby alleviating the effects of this devastating
disorder.
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