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REVIEW

Necrotizing enterocolitis in premature infants—A defect in the
brakes? Evidence from clinical and animal studies
Venkatesh Sampath 1,2,✉, Maribel Martinez 1,2, Michael Caplan 3, Mark A Underwood 4 and Alain Cuna 1,2

© 2023 The Author(s). Published by Elsevier Inc. on behalf of Society for Mucosal Immunology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

A key aspect of postnatal intestinal adaptation is the establishment of symbiotic relationships with co-evolved gut microbiota.
Necrotizing enterocolitis (NEC) is the most severe disease arising from failure in postnatal gut adaptation in premature infants.
Although pathological activation of intestinal Toll-like receptors (TLRs) is believed to underpin NEC pathogenesis, the mechanisms
are incompletely understood. We postulate that unregulated aberrant TLR activation in NEC arises from a failure in intestinal-
specific mechanisms that tamponade TLR signaling (the brakes). In this review, we discussed the human and animal studies that
elucidate the developmental mechanisms inhibiting TLR signaling in the postnatal intestine (establishing the brakes). We then
evaluate evidence from preclinical models and human studies that point to a defect in the inhibition of TLR signaling underlying
NEC. Finally, we provided a framework for the assessment of NEC risk by screening for signatures of TLR signaling and for NEC
prevention by TLR-targeted therapy in premature infants.

Mucosal Immunology (2023) 16:208–220; https://doi.org/10.1016/j.mucimm.2023.02.002

INTRODUCTION
Successful adaptation of the neonatal gut to the postnatal milieu
is critical for survival. The gastrointestinal system undergoes
dynamic biochemical, structural, and functional changes to
accomplish its key roles in nutrition, immunity, self-renewal,
and organ-organ crosstalk1. This well-orchestrated adaptation
program in full-term neonates can represent a hazard to prema-
ture infants. The challenges faced by the immature intestine
include acquiring the ability to digest and absorb nutrients to
sustain somatic and brain growth and developing a symbiotic
relationship with microbiota to prevent disease. A decreased
absorptive surface, dysmature innate and adaptive intestinal
immune responses, dysmotility, increased intestinal permeabil-
ity, and increased exposure to pathogenic bacteria can program
intestinal maladaptation and disease in premature infants2–4.
Necrotizing enterocolitis (NEC), typified by inflammation, cell
death, loss of barrier function, and in severe cases, systemic
shock, is the most severe disease arising from a failure in postna-
tal gut adaptation4,5. Herein, we present evidence from clinical,
experimental, and genetic studies to support the hypothesis that
NEC is a phenotype for defects in the brakes inhibiting intestinal
epithelial innate immune signaling. Because the pathogenesis of
spontaneous intestinal perforation (SIP), transfusion-associated
NEC, and NEC in term neonates differs from classical NEC in pre-
mature infants, these are not discussed here.

NEC PATHOGENESIS
NEC is diagnosed in 5%–12% of infants born at less than
33 weeks gestation, and surgical NEC has a mortality of 20%–

35%6. Although several risk factors, including prematurity, for-
mula feeding, gut ischemia, genetic predisposition, and intesti-
nal dysbiosis, have been implicated in NEC, its exact
pathogenesis remains unknown. In the last decade, research
advances propelled using transgenic mouse models, gut micro-
biome studies, human genetics, and lactation science have
enhanced our understanding of NEC. Collectively, these
advances have provided compelling evidence for the impor-
tance of Toll-like receptor (TLR) signaling as a central mechanism
in NEC development7–11.

TLRs are innate immune receptors that recognize conserved
structural motifs in bacteria and viruses called pathogen-
associated molecular patterns (PAMPs) and host stress/danger
molecules12. Collectively, TLRs recognize a diverse repertoire of
PAMPs, including lipids, proteins, carbohydrates, and nucleic
acids derived from bacteria, viruses, and fungi. The most studied
TLR is TLR4, which is the pattern recognition receptor for
lipopolysaccharide (LPS), a component of the gram-negative
bacterial outer membrane that causes septic shock4. After the
recognition of PAMPs, TLRs trigger innate immune defense
mechanisms by activating transcriptional factors such as nuclear
factor κ light chain enhancer of activated B cells (NFκB) and
interferon regulatory factor 312. Although TLRs are essential in
the host’s defense against invading pathogens, aberrant or pro-
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longed activation can contribute to several immune and inflam-
matory diseases.

Several lines of evidence from mouse studies implicate TLR4
in the pathogenesis of NEC. Jilling et al.7 demonstrated that the
addition of bacteria to a formula + cold stress model of experi-
mental NEC upregulated intestinal TLR4 expression and
increased the incidence of NEC in mice. When C3HeJ mice with
functional TLR4 deficiency were subjected to experimental NEC,
the incidence of NEC was substantially diminished. Leaphart
et al.8 found similar findings of increased TLR4 expression and
experimental NEC in wild-type mice and a reduction in NEC in
mice with global or enterocyte-specific TLR4 deficiency. Subse-
quent studies provided additional mechanistic knowledge on
how TLR4 activation can cause NEC-like injury. Leaphart et al.8

showed that TLR4 activation increased injury through enterocyte
apoptosis, whereas Yazji et al.13 found that endothelial TLR4 acti-
vation impairs intestinal perfusion, thereby causing enterocyte
injury through gut ischemia. In addition to directly inducing
gut injury, TLR activation has also been shown to inhibit intesti-
nal repair by impairing enterocyte proliferation and
migration14,15.

Studies in humans further support a critical role for TLR4 sig-
naling in NEC. Ileal tissue samples obtained from human fetuses
demonstrated an increased expression of TLR4 signaling com-
pared with mature enterocytes, suggesting that susceptibility
of preterm infants to NEC might be related to a state of TLR4
hyper-responsiveness in the immature intestinal tract16. Support
for this hypothesis was further provided by the analysis of tissue
samples from preterm infants who underwent intestinal resec-
tion for NEC and demonstrated significantly higher levels of
TLR4 protein expression than those from controls17. Further-
more, stool microbiome studies in preterm infants have pro-
vided insight into what triggers aberrant TLR4 activation in
human NEC. The landmark study by Warner et al.9 elegantly
demonstrated that a pathologic predominance of gram-
negative bacteria, which can activate pro-inflammatory TLR4 sig-
naling, preceded the development of NEC in premature infants.
Subsequent studies have replicated the temporal relationship
between enrichment of Gammaproteobacteria (the class of bac-
teria including the majority of pathogenic gram-negative bacte-
ria) in the gut before NEC onset in preterm infants18. Finally,
genetic studies have found that genetic mutations in TLR signal-
ing pathway are associated with NEC vulnerability in preterm
infants, suggesting a role for inherent genetic susceptibility in
pathologic TLR4 activation19–21. These studies in mice and
humans reveal that aberrant intestinal activation of the TLR fam-
ily of innate immune receptors by microbiota in the setting of
developmental dysmaturity underpins NEC pathogenesis in pre-
term infants. In the next section, we will review how TLR signal-
ing in the newborn intestine is regulated to prevent pathologic
TLR activation and maintain homeostasis.

ESTABLISHING THE BRAKES ON INTESTINAL TLR SIGNALING AFTER
BIRTH—KEY TO SUCCESSFUL POSTNATAL INTESTINAL ADAPTATION
The preterm infant’s intestine exhibits a state of heightened
TLR sensitivity
Establishing the symbiotic host-microbiota relationships that
sustain mucosal homeostasis and immune tolerance to micro-
biota while preventing bacterial invasion is key to intestinal
adaptation. An important component of successful gut adapta-
tion lies in preventing dysfunctional TLR activation in the neona-
tal intestine, which underpins NEC pathogenesis in premature

infants7,8. The preterm infant’s vulnerability to NEC arises par-
tially from an imbalance in intestinal pro- versus anti-
inflammatory signaling that favors deviant mucosal intestinal
TLR activation16,22,23. Nanthakumar et al. showed that human
intestinal epithelial expression of TLR4, TLR2, and its adapter
MyD88 was increased in preterm neonates compared with term
neonates, whereas the expression of the TLR inhibitors such as
single immunoglobulin (Ig) interleukin (IL)-1-related receptor
(SIGIRR) and A20 was decreased16. An analysis of preterm infant
stool using proteomics and RNA sequencing also revealed a
native “primed” state of TLR activation in preterm infants, char-
acterized by enrichment of pathways facilitating increased TLR
and inflammatory signaling24–26. Elegant studies on the evolving
intestinal microbiota in preterm infants have revealed the pro-
clivity of the preterm gut to be colonized with bacteria capable
of triggering TLR activation at the expense of bacteria that inhi-
bit TLR signaling2,9,18,27,28. The combination of a “primed” state
of TLR sensitivity and intestinal dysbiosis confers vulnerability
to unregulated TLR activation in the preterm infant. Therefore,
the deployment of programs that tamponade dysfunctional
intestinal TLR activation, i.e. “the brakes,” is critical. In this sec-
tion, we highlight the mechanisms from mouse and human
studies that reveal how “the brakes on TLRs” are established
(Fig. 1).

Studies in mice and cell lines revealing the mechanisms by
which TLR signaling is negatively regulated after birth
Developmental changes in intestinal TLR4 expression and
localization
Expression studies of TLR4 in fetal and newborn mice indicate a
pattern of increasing expression of intestinal TLR4 in utero, fol-
lowed by a significant reduction after delivery at term gesta-
tion17. This reduction of intestinal TLR4 expression after birth is
postulated as an important mechanism for downregulating the
inflammatory TLR response to colonizing bacteria in the postpar-
tum period29. The specific localization of TLR4 within intestinal
epithelial cells (IECs) is another mechanism by which TLR activa-
tion is muted in the intestinal tract30. IECs are polarized cells with
an apical surface membrane that faces the gut lumen and a
basolateral membrane that is protected from exposure to lumi-
nal microbes. Studies using fetal enterocytes have demonstrated
that excessive TLR4 receptors are found on the apical surface
membrane of immature enterocytes. With maturity, however,
the surface expression of TLR4 is decreased as TLR4 receptors
are internalized. In addition to TLR4, immunohistochemistry
studies indicate that TLR2 and TLR5 are also differentially
expressed in the basolateral membrane of IECs31–33. The localiza-
tion of TLRs in these relatively protected compartments has
been demonstrated as early as 18–21 weeks of gestation in
human fetal ileal samples31. These studies indicate that the
developmental changes in TLR4 expression and localization con-
tribute to the neonatal gut’s ability to adapt to colonizing
microbes without eliciting pro-inflammatory responses.

Postnatal repression of downstream effectors of intestinal
TLR signaling
In addition to developmental changes in TLR4, postnatal repres-
sion of the downstream effectors of TLR signaling is another
mechanism by which intestinal TLR4 inhibition is achieved post-
natally. For example, the downregulation of IL-1 receptor-
associated kinase 1 (IRAK1)—a kinase that is activated when
LPS binds and activates the TLR4/MYD88 receptor adapter com-
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plex12,34—has been shown in mice by Lotz et al.35 to dampen
TLR4 signaling and contribute to the postnatal acquisition of
intestinal endotoxin tolerance. Additional studies by this group
have identified that microRNA-146a (miR-146a) mediates the
translation repression of IRAK1 protein in the postnatal
intestine36. How miR-146a-dependent IRAK1 repression is regu-
lated was recently clarified by Yu et al.22, who investigated the
role of SIGIRR, a major inhibitor of TLR signaling, in postnatal
intestinal adaptation37. Using SIGIRR transgenic mice that geno-
copy a SIGIRR stop mutation identified in human NEC, Yu et al.22

showed that SIGIRR induces intestinal miR-146a expression
through STAT3, thus uncovering a novel pathway for TLR inhibi-
tion through SIGIRR-STAT3-miR-146a inhibition of IRAK1.

Another example of postnatal repression of TLR4 signaling is
the developmental increase in the expression of IκB, a protein
that sequesters NFκB in the cytoplasm preventing its transcrip-
tional activation23. Using human enterocyte cell lines and pri-

mary rat enterocytes, Claud et al.23 demonstrated that an
increased expression of IκB with intestinal maturation was asso-
ciated with a decreased TLR activation. Unlike IRAK1, the mech-
anisms that regulate postnatal increase in IκB remain poorly
understood. Nevertheless, these studies together demonstrate
that postnatal repression of downstream TLR effectors (IRAK1
through SIGIRR-STAT3-miR-146a; NFκB through IκB) are key
mechanisms that help prevent inappropriate TLR activation in
the neonatal gut by bacteria.

Induction of genes that inhibit intestinal TLR signaling
Genes that negatively regulate TLR signaling are crucial for
maintaining mucosal homeostasis and preventing inappropriate
activation of TLR-mediated inflammation. Several negative regu-
lators of TLR signaling in the intestine have been identified,
including SIGIRR, Toll-interacting protein (TOLLIP), and A20. Faw-
ley et al.10 investigated the ontogeny of SIGIRR in rats and mice

Fig. 1 Overview of mechanisms from mouse and human studies that reveal how “the brakes on TLRs” are established in the neonatal gut. (1)
Human milk components such as lactoferrin and secretory IgA inhibit growth of pathogenic microbes that can activate TLR signaling. (2)
Epidermal growth factor and glutamine in breastmilk enhance intestinal epithelial barrier by inducing mucin production and tight junction
protein activity. (3) HMOs present in human milk promote growth of commensal microbes such as Bifidobacteria and Lactobacillus. (4) The
intestinal epithelial barrier—which includes mucin, antimicrobial peptides, and tight junction proteins—acts as a physical barrier that
separates pathogenic microbes from the developing gut. (5) SCFAs, produced in part from the fermentation of HMOs by commensal bacteria,
induce mucosal mechanisms such as increased mucin production to help repress intestinal TLR sensitivity. (6) Commensals such as
Bifidobacterium and Lactobacillus, whose growth was promoted in part by HMOs, induce negative regulators of TLR4 (SIGIRR, A20, TOLLIP) to
suppress TLR4 activity in the gut. (7) Development of postnatal tolerance to LPS through reduced surface TLR4 expression and repression of
IRAK1. (8) Postnatal induction of genes that inhibit intestinal TLR signaling (SIGIRR, A20, TOLLIP) helps prevent aberrant intestinal TLR
activation to colonizing microbes. (9) Postnatal repression of IRAK1 through SIGIRR-STAT3-miR-146a pathway dampens TLR4 signaling and
contributes to LPS tolerance. (10) Developmental increase in IκB sequesters NFκB in the cytoplasm preventing its transcriptional activation.
(11) Compartmentalization of TLRs in the basolateral membrane of IECs decreases TLR activation from bacteria in the apical lumen.
HMOs = human milk oligosaccharides; IEC = intestinal epithelial cell; Ig = immunoglobulin; LPS = lipopolysaccharide; NEC = necrotizing
enterocolitis; SCFAs = Short-chain fatty acids; Th = T helper; TLR = toll-like receptor.
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and found that intestinal SIGIRR expression is induced postna-
tally, gradually increasing with maturation from postnatal day
1 to postnatal day 14. Using isolated ileal epithelium from imma-
ture and mature human tissue samples, Nanthakumar et al.16

found a similar pattern of increasing expression of SIGIRR, as well
as TOLLIP and A20, with intestinal maturation. Interestingly, sup-
plementation with probiotics—such as Bifidobacterium infantis,
Lactobacillus acidophilus, and Lactobacillus rhamnosus GG—also
induces intestinal expression of SIGIRR, A20, and TOLLIP38,39.
Intestinal antimicrobial peptides (AMPs) produced by Paneth
cells upon gut maturation also help tamponade TLR signaling.
The AMP cathelicidin induces TOLLIP that reduces apoptosis,
thereby limiting intestinal permeability40. In pigs, β-defensin
114 induced by TLR-activated NFĸB suppresses both inflamma-
tion and apoptosis41. Thus, the postnatal induction of TLR inhibi-
tors, whether intrinsically with intestinal maturation or with
probiotic supplementation, helps dampen inflammatory signal-
ing as the newborn gut adapts to a microbe-rich environment.

In addition to genes that inhibit TLR signaling directly, other
pattern recognition receptors can also play a role in curbing
TLR4 signaling postnatally21,42. TLR9 is an endosomal TLR that
recognizes bacterial DNA rich in unmethylated Cytosine-
phosphate-Guanine (CpG) motifs. Using timed-pregnant mice,
Gribar et al.17 showed that TLR4 and TLR9 exhibited a pattern
of reciprocal expression in the developing intestine, and that
after birth, intestinal TLR9 expression increased in conjunction
with a reduction in TLR4 expression. The authors further demon-
strated with in vivo and in vitro experiments that the activation
of TLR9 with bacterial DNA inhibits TLR4 signaling and protects
the gut against NEC-like injury. Other studies demonstrated that
TLR9 activation is required for the probiotic Lactobacillus rham-
nosus to provide protection against experimental NEC in mice43,
and that fecal metagenomic signature of low levels of CpG DNA,
suggestive of low gut TLR9 activity is associated with NEC in pre-
term infants44. These findings indicate that postnatal increase in
intestinal TLR9 activity is another mechanism that helps inhibit
TLR4 signaling in the developing intestinal tract.

Two other genes that may also be relevant to establishing
brakes on TLR4 activation postnatally are peroxisome
proliferator-activated receptor-γ (PPARγ) and nucleotide binding
and oligomerization domain 2 (NOD2). PPARγ is a nuclear recep-
tor that attenuates intestinal TLR inflammation through different
mechanisms, such as the inactivation of p65 complex, induction
of IκB, and interference with AP-1 activity45. NOD2 is a pattern
recognition receptor that recognizes the muramyl dipeptide
component of the bacterial cell wall and has been shown to inhi-
bit TLR2 and TLR4 activity in the intestines46. In murine models
of NEC, the treatment with agonists for PPARγ or NOD2 was
effective in reducing the incidence and severity of experimental
NEC47–49. Thus, although their developmental expression has not
yet been fully elucidated, PPARγ and NOD2 are potent TLR inhi-
bitors that can help maintain homeostasis in the naïve and
immature newborn gut.

Human studies revealing the biological mechanisms by
which intestinal TLR signaling is kept in check in neonates
Development of an effective intestinal epithelial barrier
after birth
The intestinal epithelial barrier is a complex and dynamic system
that prevents the translocation of potentially harmful microbes
that can otherwise activate pro-inflammatory TLR signaling in
the gut50. Although the intestinal epithelial barrier of infants is

“leaky” immediately after birth, rapid maturation takes place
over the first few days of life, especially in term infants51. In con-
trast, preterm infants possess a less well-developed intestinal
epithelial barrier that can take up to 6 weeks after birth to
mature to the level of term infants26. Components of the intesti-
nal epithelial barrier include the mucus layer, AMPs, the single
layer of epithelial cells, and the tight junction proteins between
them52. The mucus layer, comprised chiefly of mucin produced
by goblet cells, acts primarily by physical separation of poten-
tially pathogenic gut microbiota from host tissues53. The mucus
layer also contains intestinal alkaline phosphatase (IAP), an
endogenous protein secreted by IECs that serves to inactivate
the bacterial endotoxin LPS54. Intestinal AMPs, secreted by
Paneth cells and other specialized immune cells, can eliminate
pathogenic microbes that trigger TLR signaling through the
direct disruption of bacterial membranes, inhibition of vital bac-
terial intracellular pathways, and recruitment of immune cells55.
In the adult intestine, tight junction proteins, such as claudin and
occludin, form a tight barrier between IECs that prevent paracel-
lular passage of microbial antigens, such as LPS, but this mech-
anism might be deficient in the immature intestine56–58.
Together, these individual components contribute to the intesti-
nal epithelial barrier and work in concert to inhibit excessive TLR
signaling in the developing intestine.

The developmental processes that govern the transition of
the newborn gut mucosal barrier from “leaky” to “tight” remain
incompletely understood. Emerging studies suggest that com-
plex, bidirectional interactions between the developing infant’s
intestinal epithelium and the colonizing luminal microbes con-
tribute to this developmental transition53,55. For example,
although the newborn’s intestinal tract can produce AMPs as
early as 24 weeks gestation, AMP production and activity are
substantially increased postnatally by the presence of colonizing
microbes59,60. This postnatal increase in AMP activity, in turn,
acts on colonizing microbes to help shape the developing gut
microbiota55. Another example is the relationship between IAP
production and gut microbes. Intestinal production of IAP is
developmentally regulated, with lower levels in preterm infants
that increase with gestational age61,62. Interestingly, low levels of
IAP results in gut dysbiosis, whereas increased IAP activity pro-
motes the growth of commensal organisms63. The interaction
between the host and microbiota is also demonstrated by the
relationship between the developing mucus layer and coloniz-
ing bacteria. Karav et al.64 showed that infants colonized pre-
dominantly by Bifidobacterium longum have diminished
degradation of colonic mucus compared with infants colonized
predominantly by Bacteroides. Synergistic relationships between
colonizing microbes and the host mucosa are crucial for the
proper establishment of the intestinal epithelial barrier and
TLR tolerance to colonizing bacteria65. Conversely, disruptions
to this intricate process—such as with preterm birth, hospitaliza-
tion, or antibiotic use—can lead to a leaky gut barrier and inap-
propriate TLR activation in the intestines66.

Human milk oligosaccharides inhibit intestinal TLR signaling
by altering the microbiome and regulating mucosal
responses
Human milk contains a broad range of bioactive molecules, cel-
lular components, and microbes that shape the developing
infant intestinal microbiome and the innate immune system67,68.
Human milk oligosaccharides (HMOs) are highly abundant in
breast milk and yet not digestible by the human intestine, rais-
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ing the question of the biological utility of these complex gly-
cans that have no inherent nutritional value68. HMOs impact
the gut microbiota by being digestible only by a small number
of gut microbes, predominantly Bifidobacterium and Bacteroides
species69. This ensures a selective expansion of Bifidobacterium
and Bacteroides spp in the gut of breastfed infants, while
decreasing the enrichment of NEC-associated Gammapro-
teobacteria and other gram-negative bacteria, which activate
pro-inflammatory TLR4 signaling69. In clinical trials, neonatal
supplementation with Bifidobacterium spp that can use HMOs
results in the suppression of T helper (Th)2 and Th17 responses,
augmented Th1 responses, decreased plasma levels of inflam-
matory cytokines, and reduced NEC rates69,70. In human tissue/
cell-based in vitro models, Bifidobacterium spp have been shown
to repress TLR4 and TLR2 mediated inflammatory responses by
augmenting negative regulators, such as A2071,72. Probiotics
containing Bifidobacterium spp have been noted to be the most
efficacious for preventing NEC73. In addition to promoting the
growth of commensals, such as bifidobacteria, HMOs in breast
milk also directly inhibit mucosal TLR signaling. HMOs resemble
intestinal epithelial cell surface glycans and as such act as anti-
adhesive antimicrobials that bind gut pathogens and prevent
mucosal adherence and invasion74. HMOs also decrease the
epithelial expression of sialylated glycans used by pathogens,
such as E. coli, to invade the mucosa, inhibit neutrophil activa-
tion, leukocyte adhesion and trafficking from blood, and alter
T-cell polarization toward a Th1 response versus an allergenic
Th2 response75–78. These studies indicate the importance of
HMOs in regulating TLR signaling by altering the gut microbial
composition and inducing mucosal mechanisms that repress
intestinal TLR sensitivity.

Human milk components mitigate intestinal TLR signaling
In addition to HMOs, human milk also contains several metabo-
lites and bioactive molecules that exhibit direct and indirect
anti-TLR activity79–86. Human milk has soluble TLR2 and soluble
CD14 (a TLR co-receptor) that specifically act as decoy receptors
for lipopeptides and LPS from gram-positive and gram-negative
bacteria, preventing mucosal TLR activation79,80. Human milk
also has glycoproteins, such as lactoferrin and lactadherin, that
inhibit NFκB activation or induce STAT3- and IL-10 signaling to
suppress pro-inflammatory TLR signaling11,81–83. Human milk is
also enriched in antibacterial peptides such as β-defensins,
enzymes such as lysozyme, short-chain fatty acids, bacteriocins,
and other bioactive molecules, which inhibit TLRs and the
growth of pathogenic bacteria87,88. Secretory Igs are another
key component of human milk that provide passive immunity
against gut microbes. Although secretory IgG and secretory
IgM are present in human milk, secretory IgA is the most abun-
dant component85,86. Secretory IgA inhibits mucosal TLR activa-
tion by coating bacteria and preventing their invasion,
facilitating luminal excretion, and instructing antigen-
presenting cells to sample IgA-bound commensals marked for
tolerance rather than pathogens80,85–87. Other components of
human milk can mitigate intestinal TLR signaling indirectly by
enhancing the intestinal barrier integrity. For example, epider-
mal growth factor increases mucin production by goblet cells
and normalizes the expression of tight junction proteins occlu-
din and claudin-389, whereas glutamine promotes enterocyte
proliferation90 and induces the expression and function of sev-
eral tight junction proteins, including occludin, claudin-4, junc-
tion adhesion molecule-A, and zonula occludens91. It is

important to note that pasteurization, although necessary to
destroy microbes for banking of donor milk, denatures bioactive
proteins and peptides, significantly decreasing the antibacterial
activity of human milk; however, HMOs are unaffected by pas-
teurization92. In summary, human milk has a broad repertoire
of bioactive factors that tamponade TLR activation in the neona-
tal gut facilitating adaptation to extrauterine life.

Human milk microbiota—another potential modulator of
intestinal TLR signaling?
The human milk microbiota consists of microbes found in milk
and on the mother’s skin, which impact the establishment of
the intestinal microbiota in the infant93,94. The predominant
microbes in milk include Staphylococcus and Streptococcus, fol-
lowed by smaller numbers of Corynebacterium, Cutibacterium,
Lactococcus, Lactobacillus, Bifidobacterium, and Enterobacter
spp93,95. Several factors, including maternal diet, genetics,
hygiene, HMO composition, glucose tolerance, ethnicity, and
geography, alter the microbial composition of breast milk96,97.
Although it is well known that human milk protects against
NEC compared with formula milk, the role of human milk micro-
biota in regulating TLR signaling is not well understood. Human
milk microbiota are assumed to play a putative role in prevent-
ing colonization with more harmful bacteria, inhibiting gut
inflammation, and aiding the maturation of the immune sys-
tem93–95,98,99. Although outside of the scope of this review, sev-
eral factors such as vaginal delivery and skin-to-skin care
contribute to the establishment of gut microbiota less capable
of activating intestinal TLR signaling2,100,101.

NEC - A PHENOTYPE FOR A DEFECT IN THE BRAKES ON TLRS?
In the previous section, we outlined the molecular mechanisms
that suppress dysfunctional intestinal TLR activation during post-
natal adaptation. In this section and Table 1, we provide evi-
dence from experimental models of NEC and human studies
to support our hypothesis that defects in inhibition of intestinal
TLR signaling (faulty brakes) underlie the pathogenesis of
NEC5,20,102.

TLR signaling in experimental models of NEC—Is TLR4 the
culprit?
The evidence for a direct role in TLR activation in NEC comes
from studies that reveal (a) a decreased NEC-like injury in trans-
genic mice lacking functional TLR4; (b) increased NEC vulnerabil-
ity in transgenic mice deficient in proteins that inhibit TLR
signaling; and (c) decreased NEC with bioactive molecules, pre-
biotics, and probiotics known to decrease bacteria-mediated
intestinal TLR activation. Classical studies by Jilling et al.7 and
Leaphart et al.8 revealed the obligate requirement for TLR4 in
experimental NEC, as global deficiency of Tlr4 or IEC-specific
Tlr4 deletion prevented NEC. Several animal studies have also
shown an increased expression of TLR4 in NEC3,42,103,104. TLR4
stimulation activates intestinal inflammation, cell death, necrop-
tosis, and microvascular injury while inhibiting mucosal regener-
ation through the MAPK, HMGB1, NFκB, and VEGF-dependent
pathways8,10,13,102,105–107. These data are consistent with human
studies showing that Gammaproteobacteria, which activate
TLR4 signaling, are the most common bacteria implicated in pre-
term NEC2,18. Interestingly, flagellin from gram-negative bacteria
can also stimulate TLR5/MyD88-dependent inflammation34.
However, TLR5 is decreased in experimental models of NEC
and studies in Tlr5 –/– mice have not been reported42,108. Simi-
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Table 1. Summary of studies in animal models and infants supporting the hypothesis that defects in inhibition of intestinal TLR signaling underlie the pathogenesis of NEC.

Author(PMID) Experimental study design Main findings

Animal model studies

Experimental models of NEC
implicating TLR4 as key
mediator of NEC

Liu (19608731) Neonatal rat NEC model Intestinal expression of TLRs and cytokines precedes histologic injury in
experimental NEC

Jilling (16920968)
Leaphart (17878380)

Neonatal mouse NEC model TLR4 mutant mice protected from development of experimental NEC compared to
wildtype mice

Leaphart (17878380)
Neal (23455503)Yazji
(23650378)

Neonatal mouse NEC model Mechanistic studies in mice with global and epithelial specific TLR4 deficiency
demonstrating how TLR4 stimulation induces mucosal injury, impairs microvascular
perfusion, and inhibits intestinal repair

Genetic ablation of TLR inhibitors
results in NEC-like intestinal
injury

Lee (11009421) A20-deficient mice A20-deficient mice develop severe intestinal inflammation, hypersensitivity to
lipopolysaccharide, and die in the neonatal period.

Fawley (28846670) SIGIRR-deficient mice SIGIRR-deficient mice have mild, spontaneous intestinal inflammation at baseline
and more severe experimental NEC

Gribar (19109197) TLR9-deficient mice Deficiency of TLR9, which is known to repress TLR4 signaling, exacerbate NEC
severity.

Richardson (20580721) NOD2-deficient mice Failure of NOD2 signaling leads to NEC through increased TLR4-mediated
enterocyte apoptosis

Treatment with agents that
inhibit TLR decreases severity
of experimental NEC

Cho (33188181) Neonatal mouse NEC model Human recombinant IL-37 engages SIGIRR, represses TLR signaling, and decreases
severity of experimental NEC

Corsini (27973471) Neonatal rat NEC model Pioglitazone, an inhibitor of TLR signaling through peroxisome proliferator-
activated receptor ɣ, decreases severity of experimental NEC

Li (35316914) Neonatal rat NEC model miR-21 injection inhibits TLR signaling and decreases severity of experimental NEC
in newborn mice

Villamor-Martinez
(33363060)Zani
(23525603)

Neonatal rat NEC model Stem cells or exosomes derived from stem cells exert their beneficial effect in NEC
partly by inhibiting TLR and other inflammatory pathways

Rentea (23331804,
22703783)Riggle
(23158403)

Neonatal rat NEC model Enteral and systemic supplementation with intestinal alkaline phosphatase (IAP)
increases IAP activity and decreases NEC-related intestinal injury.

Bioactive molecules and
peptides from breastmilk
represses intestinal TLR
signaling and help in NEC
protection

Gopalakrishna
(31209335)

Preterm infant fecal samples
and neonatal mouse NEC model

Relative decrease of IgA-bound bacteria in preterm stool is associated with
development of NEC, and mouse pups reared by IgA-deficient dams are susceptible
to NEC.

Jantscher-Krenn
(22138535)

Neonatal rat NEC model Supplementation with the human milk oligosaccharide disialyllacto-N-tetraose
(DSLNT) reduces NEC in neonatal rats.

Liu (31483289) Neonatal mouse NEC model Lactoferrin and lactoferrin-induced myeloid-derived suppressor cells inhibited NFκB
activation and attenuated experimental NEC

Lu (17515866) Neonatal rat NEC model Polyunsaturated fatty acids (PUFA) supplementation in rats suppresses pro-
inflammatory platelet-activating factor receptor (PAFR) and TLR4 gene expression
and reduces experimental NEC

(continued on next page)
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Table 1 (continued)

Author(PMID) Experimental study design Main findings

Dvorak (11751169)Feng
(16410124)Chen
(34012839)

Neonatal rat NEC model Epidermal growth factor (EGF) and heparin-binding EGF supplementation reduces
the development of NEC.

Studies in infants

Genetic signatures of deviant TLR
signaling are associated with
human NEC

Härtel (26752461) Gene association study of a large cohort of
preterm infants

Preterm infants with ≥ 2 NOD2 gene variants have an increased risk for NEC

Sampath (27893720) Gene association study of a large
cohort of preterm infants

Hypomorphic variant of autophagy gene ATG16L1 is associated with NEC in
preterm infants

Sampath (25963006) Exome sequencing of preterm
infants with NEC

Loss of function mutations in SIGIRR are enriched in preterm infants with NEC

Gut microbiome studies reveal
enrichment of NEC-associated
Gammaproteobacteria and
other Gram-negative microbes
that activate TLR4 signaling

Warner (26969089)
Pammi (28274256)

Prospective case-control studies of
preterm infants

Increased relative abundance of Gammaproteobacteria precede NEC in preterm
infants

RNA and miRNA sequencing
analysis identify dysregulated
TLR signaling pathways in
human NEC samples

Chan (24368664) Gene expression profile analysis of
human NEC and SIP intestinal tissues

Dysregulation of TLR4 and NFκB pathways are observed in NEC samples compared
to controls

Nanthakumar
(21445298)

Gene expression profile analysis of resected
ileum from fetuses, NEC patients, and controls

Immature enterocytes from fetuses have increased expression of TLR4 and
decreased expression of SIGIRR and A20 compared to mature enterocytes from
controls. Enterocytes from NEC infants exhibit further imbalance with increased TLR
and decreased SIGIRR/A20.

Ng (26274503) miRNA profile analysis of NEC, SIP, and control
intestinal tissues in preterm infants

Dysregulated expression of miRNA/mRNA pairs that regulated TLR4 and NFκB
signaling are identified in NEC infants

Knight (24965658) RNA sequencing of intact human epithelial
cells in stool samples

Preterm infants have upregulated NFκB and IL-1B compared to term infants,
indicating dysregulated TLR response in preterm infants vulnerable to NEC

Clinical intervention studies
provide indirect evidence for a
defect in the brakes on TLR
signaling in NEC

Henrick (34143954) Randomized clinical trial Breastfed infants given Bifidobacterium infantis exhibit a reduction in intestinal Th2-
and Th17-type responses

Pammi (28658720) Cochrane meta-analysis of randomized
clinical trials

Lactoferrin, which inhibits TLR signaling by chelating iron required by bacteria and
preventing their adherence to the intestinal mucosa, may decrease risk of NEC in
small clinical trials

Bernabe-Garcia
(33671220)

Randomized clinical trial NEC was lower in docosahexaenoic acid (DHA)-treated group compared to controls,
suggesting that DHA supplementation may prevent NEC in preterm infants

DHA = docosahexaenoic acid; EGF = epidermal growth factor; IAP = intestinal alkaline phosphatase; Ig = immunoglobulin; IL = interleukin; NEC = necrotizing enterocolitis; NOD = nucleotide binding and oligomerization domain; SIGIRR = single
immunoglobulin interleukin-1-related receptor; Th = T helper; TLR = Toll-like receptor.
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larly, the role of TLR2, which senses lipopeptides from gram-
positive bacteria, such as Staphylococcus spp, and can stimulate
pro-inflammatory TLR signaling has not been evaluated34. TLR2
signaling in the neonatal gut might protect against NEC because
the efficacy of Lactobacillus reuteri to prevent NEC is lost in Tlr2
–/– mice109. Platelet-activating factor (PAF), which is elevated in
human NEC, also induces TLR4 expression in cell lines and ani-
mal models of NEC, suggesting that TLR4 activation is central
to neonatal intestinal injury induced by PAF104,110,111. Finally,
studies using novel peptides that target functional domains of
TLR4 have been shown to attenuate experimental NEC112. Col-
lectively, these studies implicate TLR4 but not other TLRs in
the causation of preterm NEC.

Deficiency of gut mucosal proteins that suppress TLR
signaling results in exaggerated NEC vulnerability
Important mechanistic insights into the role of defective TLR
regulation in NEC pathogenesis can be gleaned from studies
in mice with genetic deficiency of various TLR inhibitors. A20
is a ubiquitin-editing enzyme that inhibits TLR and tumor necro-
sis factor-α-induced NFκB activation. The genetic ablation of A20
in mice results in spontaneous inflammation in multiple organs,
including the intestine, which results in perinatal death113,114.
SIGIRR is an orphan receptor that strongly represses TLR and
IL-1R signaling37. We have shown that SIGIRR−/− mice have
mild, spontaneous intestinal inflammation at baseline with more
severe experimental NEC, in parallel with exaggerated activation
of canonical TLR signaling10. Both NOD2 and TLR9 are also
known to suppress TLR4 signaling in the gut115,116. Consistent
with this, the deficiency of NOD2 and TLR9 exacerbates TLR4-
mediated experimental NEC17,48. Interestingly, mutations in
SIGIRR and NOD2 are implicated in human NEC and are further
discussed in the subsequent sections. In conclusion, experimen-
tal studies clearly demonstrate that a loss in the brakes on
intestinal TLR signaling exaggerates NEC vulnerability and sever-
ity in animal models.

Treatment with substances that augment TLR inhibition in
the gut reduces NEC
Studies in mice that augmented TLR inhibition have been shown
to decrease the severity of experimental NEC. IL-37 is a known
ligand for human SIGIRR, with no known mouse homologue.
Nevertheless, treatment with human recombinant IL-37 or trans-
genic IL-37 overexpression in mice inhibits TLR signaling and
decreases the severity of experimental NEC108. IL-22 is critical
for intestinal epithelial homeostasis because it regulates IEC pro-
liferation, mucous secretion, and production of AMPs117,118.
Although the expression of IL-22 or its receptor is low during
the period of NEC vulnerability in mice and human neonates,
treatment with recombinant IL-22 decreased inflammation and
induced epithelial regeneration in a mouse model of TLR-
dependent NEC117. IAP, an endogenous protein secreted by
the intestinal epithelium and present in the mucus layer, is a
potent inactivator of the TLR4 ligand LPS. Low IAP enzyme activ-
ity was associated with NEC in preterm infants119 and in exper-
imental rat models120. Exogenous supplementation of IAP, either
enterally121,122 or systemically123, has been shown to increase
IAP activity and protect rat pups subjected to experimental
NEC124. PPARγ is a known inhibitor of intestinal TLR4 signaling,
and treatment with the PPARγ agonist, pioglitazone, decreased
the severity of experimental NEC in a rat model47,125,126. Interest-
ingly, the lung surfactant protein A, a collection with antimicro-

bial properties, has been shown to attenuate TLR4-mediated
NEC127. Several microRNAs, including miR-146, let-7, and miR-
21, are also known to inhibit TLR signaling by translational
repression of targeted mRNAs and intraperitoneal injections
with miR-21 decreased severity of enteral LPS-induced experi-
mental NEC in newborn rats22,128–131. Finally, stem cells or exo-
somes derived from stem cells exert their beneficial effect in
NEC partly by inhibiting TLR and other inflammatory pathways,
although the precise mechanisms remain unclear132–134.
Together, these studies that mediate TLR inhibition in the gut
provide additional evidence to support the loss of the brakes
on TLR in NEC pathogenesis.

Treatment with human milk-derived bioactive molecules
suppresses experimental NEC
As previously discussed, human milk contains several bioactive
molecules and peptides that repress intestinal TLR signaling
and help in NEC prevention73,84,87,88,135. In both rodent and pig-
let models of NEC, targeted treatment with specific human milk
components—such as HMOs, secretory IgA, epidermal growth
factor, and lactoferrin—have been shown to inhibit TLR signal-
ing and decrease the incidence and severity of experimental
NEC72,85,136,137. More recently, we showed that the short-chain
fatty acid, butyrate, an anaerobic fermentation product of indi-
gestible HMOs, protect against experimental NEC in mice by
inducing the expression of SIGIRR and A20138,139. In an elegant
study, Liu et al.136 showed that both lactoferrin and lactoferrin-
induced myeloid-derived suppressor cells inhibited NFκB activa-
tion and attenuated experimental NEC. Epidermal growth factor
(EGF) is another bioactive component of human milk with
important immunomodulatory properties140. EGF levels were
found to be low in infants with NEC141,142, whereas the supple-
mentation of EGF reduced NEC in the experimental rat mod-
els143–146. The elegant mechanistic studies by Good et al.147

and others146 have shown that EGF in human milk protects
against NEC by inhibiting LPS-mediated TLR4 activation and
autophagy. Docosahexaenoic acid, an ω3 polyunsaturated fatty
acid present in human milk, was also found to inhibit TLR4
expression and experimental NEC in neonatal rats148,149. Several
other biologically active lipids, carbohydrates, or proteins with
potential effects on TLR signaling have been shown to reduce
experimental NEC150.

Signatures of dysregulated TLR signaling are associated
with human NEC
The role of dysregulated intestinal TLR signaling in NEC has been
investigated using genetic/genomic studies, biomarker studies
in stool and blood, and biochemical/molecular studies on
intestinal samples obtained from infants with and without
NEC. The genetic basis of NEC vulnerability has been probed
to explain differences in NEC incidence among preterm infants
with similar clinical risk factors and to identify biomarkers that
can predict disease151,152. Single-nucleotide polymorphisms in
TLR receptors, such as TLR4, TLR2, and TLR5, and downstream
kinases, such as IRAK1, and co-receptors, such as CD14, have
not been associated with increased or decreased NEC21,151,153.
This is consistent with the hypothesis that decreased TLR signal-
ing arising from hypomorphic variants does not contribute to
NEC. Interestingly, a hypomorphic NFKB1 insertion/deletion
polymorphism, which is more prevalent in African American
infants known to have increased NEC rates, was associated with
increased NEC21. Nuclear oligomerization domain (NOD) con-
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taining receptors are known regulators of TLR signaling, with
NOD2 inhibiting intestinal TLR4 activation in NEC48,154. The pres-
ence of two or more hypomorphic mutations in NOD2 was asso-
ciated with increased NEC in a large cohort of preterm infants,
whereas each of these variants individually did not increase
NEC risk155,156. Similarly, SIGIRR is a known inhibitor of TLR and
IL-1R signaling, and the loss of SIGIRR in mice induces TLR
hyper-responsiveness and exacerbates experimental NEC10,22.
We used a sequencing-based approach to show that rare loss-
of-function SIGIRR mutations were enriched in preterm infants
with NEC in a small study19. Studies showing increased NEC risk
with hypomorphic NOD2 and SIGIRR variants is consistent with
the hypothesis that mutations in genes that inhibit TLR signaling
can increase NEC vulnerability. In a large study, the loss-of-
function ATG16L1 (T300A) variant was shown to protect against
NEC155. Although interactions between TLR and autophagy sig-
naling is complex, autophagy contributes to intestinal injury in
TLR4-mediated experimental NEC106. These studies suggest that
the genetic dysregulation of TLR signaling alters NEC
susceptibility.

In addition to genetic studies, the direct investigation of the
intestinal tissue samples obtained from surgical NEC and non-
NEC controls have revealed clues to dysregulated TLR signaling.
Nanthakumar et al. showed that enterocytes from fetuses had
increased the RNA expression of TLR4, TLR2, MYD88, and cytoki-
nes but decreased the expression of SIGIRR and A20 compared
with mature enterocytes, with further decreases in NEC infants16.
Genome-wide RNA expression of intestinal tissue from NEC, SIP,
and controls revealed the dysregulation of TLR4, NFκB1, and AP1
pathways in NEC selectively157. Similarly, microRNA profiling of
intestinal tissue from NEC and control infants revealed dysregu-
lated expression of microRNAs/RNA pairs that regulate TLR4 and
NFκB signaling131. Although several studies have used pro-
teomic profiling and enzyme-linked immunosorbent assay of
plasma and urine samples to show increased cytokine expres-

sion in NEC, a definitive link to TLR activation is not estab-
lished24,158. RNA sequencing of the intact human epithelial
cells present in stool samples indicate increased NFκB and IL-
1β in preterm versus term infants, consistent with a dysregu-
lated TLR response in preterm infants prone to NEC25.

Indirect evidence for a defect in the brakes on TLR signaling
in NEC comes from clinical intervention studies
Several individual studies and meta-analyses have shown that
probiotics that tamponade intestinal TLR signaling, notably, Bifi-
dobacterium spp and Lactobacillus spp, decrease NEC incidence
substantially2,69,73. Although it is believed that probiotics
decrease NEC by altering the microbiome, this has been con-
tested by studies showing that probiotics alter the intestinal
epithelial transcriptome, inducing the TLR inhibitors SIGIRR and
A2038,39. Disialyllacto-N-Tetraose, an HMO used by Bifidobac-
terium spp, is decreased in breast milk of preterm infants who
subsequently develop NEC137,159. Lactoferrin, an iron-binding
glycoprotein, inhibits TLR signaling by chelating iron required
by bacteria, destabilizing bacterial membranes, and preventing
their adherence to the mucosa136,160. In early clinical trials, lacto-
ferrin used alone or when combined with probiotics decreased
NEC in preterm infants160; however, subsequent larger studies
have not confirmed the prevention of NEC with lactoferrin161,162.
Although docosahexaenoic acid has been shown in indepen-
dent studies to decrease NEC incidence in preterm infants, a
meta-analysis of clinical trials did not show protection148,150.
Although several biologically active molecules have been tested
to prevent NEC, current evidence suggest that only probiotics
can reduce TLR-mediated NEC in premature infants5,73,150.

CONCLUSION, CONCEPTUAL FRAMEWORK, AND FUTURE
DIRECTIONS
A remarkable feature of the human intestine is the ability to
establish a symbiotic holobiont with 10–100 trillion bacteria con-

Fig. 2 Conceptual framework. Clinical applications for improving outcomes of NEC based on the concept that NEC as a defect in the brakes on
TLR signaling. HMOs = human milk oligosaccharides; Ig = immunoglobulin; IL = interleukin; LPS = lipopolysaccharide; NEC = necrotizing
enterocolitis; SCFAs = short-chain fatty acids; TLR = Toll-like receptor.
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stituted of 300–500 bacterial species163. Although the full-term
neonate adapts to postnatal life living in harmony with co-
evolved gut microbiota, this is often perturbed in the preterm
neonate28,101,126,163. Complex and temporally regulated develop-
mental programs that attenuate intestinal epithelial TLR signal-
ing after birth show dysmature responses in preterm infants,
making them vulnerable to TLR activation and NEC3–5,22. The
experimental data from animal models and human studies sup-
port the hypothesis that a defect in the inhibition of intestinal
TLR signaling, in particular TLR4, is central to the pathogenesis
of NEC. The vulnerability of the preterm infant to NEC arises
partly because of the proclivity of the immature intestine to
aberrant TLR activation and is exaggerated in the presence of
genetic risk factors and other adverse environmental influences,
such as diet, mucosal injury, and intestinal dysbiosis. A concep-
tual framework founded on a defect in the brakes on intestinal
TLR signaling in NEC (Fig. 2) may allow us to screen, prevent, and
treat NEC. The screening for the genetic, microbiota, and meta-
bolic signatures of NEC vulnerability in blood and stool could be
instituted right after birth. The infants at risk of NEC could be ini-
tiated on TLR-mitigation strategies, such as probiotics, lactofer-
rin, short-chain fatty acids, and HMOs, in addition to the
mandatory use of human milk (Fig. 2). In addition, at the onset
of NEC, TLR4-inhibitors/peptides, anti-inflammatory strategies
(IL-1β blockade, IL-37 to stimulate SIGIRR), and exosome therapy
could be instituted to decrease the morbidity and mortality of
NEC (Fig. 2)5,9,151. A combination of these strategies is likely
required to prevent NEC in the future.
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