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Single-Immunoglobulin Interleukin-1-Related Receptor
regulates vulnerability to TLR4-mediated necrotizing
enterocolitis in a mouse model
Jason Fawley1, Alain Cuna2, Heather L. Menden2, Steven McElroy3, Shahid Umar4, Scott R. Welak5, David M. Gourlay1,
Xiaoxia Li6 and Venkatesh Sampath2

BACKGROUND: The mechanisms underlying aberrant
activation of intestinal Toll-like receptor 4 (TLR4) signaling in
necrotizing enterocolitis (NEC) remain unclear. In this study,
we examined the role of single-immunoglobulin interleukin-1
receptor-related molecule (SIGIRR), an inhibitor of TLR
signaling, in modulating experimental NEC vulnerability
in mice.
METHODS: Experimental NEC was induced in neonatal wild-
type and SIGIRR− /− mice using hypoxia, formula-feeding,
and lipopolysaccharide administration. Intestinal TLR canonical
signaling, inflammation, apoptosis, and severity of experi-
mental NEC were examined at baseline and after NEC
induction in mice.
RESULTS: SIGIRR is developmentally regulated in the
neonatal intestine with a restricted expression after birth
and a gradual increase by day 8. At baseline, breast-fed
SIGIRR− /− mouse pups exhibited low-grade inflammation
and TLR pathway activation compared with SIGIRR+/+ pups.
With experimental NEC, SIGIRR− /− mice had significantly
more intestinal interleukin (IL)-1β, KC (mouse homolog to IL-8),
intercellular adhesion molecule-1 (ICAM-1), and interferon-
beta (IFN-β) expression in association with the amplified TLR
pathway activation. Terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) staining, cleaved caspase 3,
and severity of intestinal injury with NEC were worse in
SIGIRR− /− mice in comparison with SIGIRR+/+ mice.
CONCLUSION: SIGIRR is a negative regulator of TLR4
signaling in the developing intestine, and its insufficiency
results in native intestinal TLR hyper-responsiveness condu-
cive to the development of severe experimental NEC in mice.

Necrotizing enterocolitis (NEC) is a common and
devastating intestinal disease that primarily affects

premature infants. About 5–14% of infants weighing
o1,500 g at birth develop NEC, and about 25–40% of them
die because of it(1,2). Despite the significant advances in
neonatal medicine, the prevalence of NEC has not decreased
and may even be increasing(3). Many risk factors have been
implicated in NEC including prematurity, formula-feeding,
abnormal intestinal colonization, hypoxia, infection, and
blood transfusion(4). Although the final common pathway
underlying NEC remains incompletely understood, current
evidence suggests that aberrant activation of the innate
immune system, triggered in large part by intestinal dysbiosis,
has a central role in its pathogenesis(5).
Toll-like receptors (TLRs) are vital components of the

intestinal innate immune system. TLRs function by recogniz-
ing unique structural motifs conserved in pathogens and
activating downstream transcription factors to mount an
effective immune response(6). Under normal conditions, TLR
activity is balanced, so that commensal gut bacteria are
tolerated, while still providing immune activity against
invading pathogens(7). In NEC, there is exaggerated activa-
tion of TLR leading to pathologic inflammation, local tissue
injury, and a widespread inflammatory response. In parti-
cular, Toll-like receptor 4 (TLR4), which is the receptor that
recognizes the lipopolysaccharide component of Gram-
negative bacteria, has been extensively implicated in NEC
(8–10). Because of the immense capacity of TLR4 to regulate
intestinal inflammation, tight regulation of TLR4 signaling is
essential to maintain the health of the developing intestinal
tract(11). Regulation of intestinal TLR signaling immediately
after birth, during the phase of rapid postnatal colonization,
remains poorly understood.
Single-immunoglobulin interleukin-1 receptor-related

molecule (SIGIRR) is a transmembrane protein widely
expressed in the intestinal epithelium. SIGIRR functions as
a potent negative regulator of TLR and interleukin-1 receptor
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(IL-1R)-mediated inflammation in the adult intestine(12,13).
In a pilot study, we used a forward genetic approach to
identify rare and novel loss-of-function SIGIRR mutations in
premature infants with NEC(14). This discovery, which is the
first to report of a disease phenotype associated with SIGIRR
in humans, identifies SIGIRR as a promising candidate gene
for NEC. Functional studies in intestinal epithelial cells
confirmed that a decreased SIGIRR function arising from the
identified mutations leads to loss of inhibition of TLR4- and
IL-1β-mediated inflammation(14). To understand the patho-
genesis of NEC arising from loss of SIGIRR function in the
neonatal intestine, we pursued studies in SIGIRR − /− mice
using a well-accepted animal model of the disease. We
hypothesized that the loss of SIGIRR in the neonatal intestine
will increase the vulnerability to TLR-mediated inflammation
and intestinal injury. Herein, we demonstrate that SIGIRR− /−
mice have native intestinal TLR hyper-responsiveness that
translates to exaggerated canonical TLR4 canonical signaling
and intestinal injury with the induction of experimental NEC.

METHODS
Animal Model
C57BL/6 SIGIRR − /− mice(12) were obtained from Xiaoxia Li and
bred at the Medical College of Wisconsin, whereas SIGIRR+/+ mice
were commercially obtained from Charles River (Burlington, MA).
All studies relating to experimental NEC were performed at Medical
College of Wisconsin. Litters of mice were breast-fed by the mother
until days of life (DOL) 7–8, separated from the mother, and
randomly assigned to either control or NEC groups. NEC was
induced using a modified NEC protocol(9). Briefly, the mice were
gavage-fed with 0.1 ml every 3 h with a formula (15 g Similac 60/40
in 75 ml Esbilac canine milk replacer) mixed with lipopolysaccharide
Escherichia coli 055:B5 (200 μl/5 g of mouse body weight, Sigma, St
Louis, MO) five times daily with a 24-Fr angiocatheter. The mice
were also exposed to hypoxic stress (5% oxygen and 95% nitrogen)
twice daily for 10 min each of exposure. After 4 days of NEC
induction, mice were killed on DOL-11–12 using an intraperitoneal
injection of a ketamine and xylazine mixture (100 and 10 mg/kg,
respectively), and the terminal ileum was harvested. Control pups,
which remained with the mother under regular conditions, were
killed at DOL-11–12 for comparison with the NEC group.
Additional mice were also bred at the University of Missouri-

Kansas City animal facility under normal conditions and killed on
DOL-7–8 to compare baseline differences between SIGIRR+/+ and
− /− mice before NEC induction. Care of mice was conducted in
accordance with the National Institutes of Health guidelines, and all
protocols had prior approval from Medical College of Wisconsin and
University of Missouri-Kansas City Institutional Animal Care and
Use Committee.

Quantification of Inflammatory Cytokine mRNA Expression
Using Real-Time PCR
A segment of the terminal ileum was homogenized using the bullet
blender (Midwest Scientific, St Louis, MO). Total RNA was extracted
using the RNeasy mini kit (Qiagen, Valencia, CA), and cDNA was
synthesized from 1 μg of RNA using the iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA). The transcripts were amplified, and gene-
expression data were collected on a Bio-Rad 1Q5 with SYBR Green
Mastermix. Pre-validated primers for 18S, tumor necrosis factor-
alpha (TNF-α), inducible nitric oxide synthase (iNOS), a mouse
homolog to IL-8 (KC), interleukin-1 beta (IL-1β), and interferon-
beta (IFN-β) were purchased from Sigma. 18S was used as the
housekeeping gene. The relative gene expression of TNF-α, iNOS,
KC, IL-1β, and IFN-β was calculated with the Pfaffl method(15).

Quantification of the Changes in Protein Expression and
Phosphorylation
Clarified lysates from a harvested tissue were used for protein
analysis. The samples were lysed in RIPA buffer containing protease
and phosphatase inhibitors (Sigma) and were homogenized by the
bullet blender (Midwest Scientific). Immunoblotting was done
following standard protocols. The primary antibodies for phosphor-
ylation were as follows: rabbit anti-(p)IKK-β(Ser177), rabbit anti-(p)
p38 MAPK(Thr180/Tyr182), rabbit anti-(p)SAPK/JNK(Thr183/Tyr185),
mouse anti-IKK-β, rabbit anti-p38 MAPK, rabbit anti-SAPK/JNK,
rabbit anti-(p)p65(Ser132) (Cell Signaling Technology, Danvers, MA),
rabbit anti-p65 (Santa Cruz Biotechnology, Santa Cruz, CA), and
mouse anti-β-Actin (Sigma). Other antibodies used were as follows:
mouse anti-intercellular adhesion molecule-1 (ICAM-1), rabbit anti-
IL-1β (Santa Cruz Biotechnology), rabbit anti-iNOS (BD Biosciences,
San Jose, CA), and rabbit anti-Cleaved Caspase 3(Asp175) (Cell
Signaling Technology). Blots were developed using enhanced
chemiluminescence and were stripped using Restore Plus stripping
buffer (Thermo Fisher, Rockford, IL). β-Actin or the corresponding
non-phosphorylated antibody was used for normalization, and
densitometry was performed using ImageJ Software (NIH, Bethesda,
MD). Whole blots are provided in Supplementary Figures S1 and
S2 online.

Immunofluorescence for SIGIRR and TUNEL Assay for Apoptosis
A segment of terminal ileum was used for histology and fixed with
neutral-buffered formalin and was embedded in paraffin. The
paraffin blocks were cut at 4 μm and adhered to positive-charged
slides. The cut sections were subjected to immunofluorescence
analysis, as previously described(16). Briefly, the slides were
rehydrated, and antigen retrieval was performed with citrate buffer.
The slides were washed with phosphate-buffered saline and blocked
with 0.1% bovine serum albumin and the corresponding secondary
serum. The primary antibody was rabbit anti-SIGIRR (Santa Cruz
Biotechnology), and the corresponding Alexa Fluor 488 secondary
antibody was used (Life Technologies, Carlsbad, CA). The nucleus
was stained with 4,6-diamidino-2-phenylindole (DAPI; Life Tech-
nologies). Images were captured using a Nikon Eclipse 90i
microscope equipped with a Nikon C-1 Confocal and EZ C1
imaging software. The images were taken at × 20, and processing was
performed using ImageJ (NIH).
Terminal deoxynucleotidyl transferase dUTP nick-end labeling

(TUNEL) assay was performed on the terminal ileum slides as per
the manufacturer’s instructions (Promega, Madison, WI). The
images were captured at × 40 using a Zeiss Observer Z1 fluorescence
microscope with an attached camera. Quantitation of the TUNEL
assay was done by measuring the total number of DAPI-stained cells
(blue) and the total number of the TUNEL-positive cells (green) per
high-power field (HPF) using the ImageJ software (NIH), with at
least four HPF per sample. The apoptotic index was calculated as the
proportion of DAPI+ (blue) cells that were stained for TUNEL+
(green).

Hematoxylin and Eosin Staining to Evaluate the Histologic
Grading of NEC
The segment of terminal ileum harvested for histology was used for
grading of intestinal injury from NEC. Hematoxylin and eosin
staining was performed on 4 μm-thick sections. Two separate
investigators blinded to the experimental conditions (D.G. and
S.W.) graded tissue samples using a 4-point scale, as previously
described(17). The slides were scanned into a computer at × 40 using
a Hamamatsu NanoZoomer Slide Scanner, and the analysis was
completed using the system’s imaging software (NDP imager;
Hamamatsu Photonics, Bridgewater, NJ).

Data Analysis
Data were presented as means± SD. Po0.05 was considered to be
significant. A minimum of four or more animals was used for each
experimental group. Fold-changes in protein levels were determined
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relative to the expression in control SIGIRR+/+ mice, and were
compared between the groups using ANOVA. For changes in
phosphorylation, phosphorylated-to-total protein ratio was calcu-
lated for each condition and compared between the groups. For
mRNA studies, biological replicates were used, fold-change was
calculated relative to the expression in control SIGIRR+/+ mice, and
it was compared between the experimental groups using ANOVA.
The Bonferroni test was used for multiple comparisons. Statistical
analysis was conducted using STATA 11 (StataCorp LP, Dallas, TX).

RESULTS
Intestinal SIGIRR Expression Increases with Postnatal Age in
Newborn Mice
Developmental changes in the intestinal innate immune
responses may explain why NEC predominantly occurs in
premature infants, whereas term infants are largely protected
from the disease. As a first step in investigating the role of
SIGIRR in NEC, we sought to determine the changes in
SIGIRR during normal development of the intestinal tract.
Protein expression of SIGIRR was measured in the jejunum
and ileum of newborn SIGIRR+/+ mice on DOL-1, 4, 7, and
14. Intestinal expression of SIGIRR was initially low on
DOL-1 and gradually increased with postnatal age, achieving
peak expression by day 7–8 (Figure 1a–c).
Immunofluorescence studies showed that SIGIRR expression
was prominent on DOL-7, and localized to the luminal
surface of the intestinal villi by DOL-14 (Figure 1e). SIGIRR
expression was also developmentally regulated in the rat’s
small intestine with a peak expression after DOL-14
(Figure 1d). These data show that SIGIRR expression
increases with gut maturation, and its deficiency coincides
with the vulnerability of the rodent’s intestine to experimental
NEC(18).

SIGIRR− /− Mice have Spontaneous Intestinal Activation of Pro-
inflammatory TLR Signaling
To determine whether the loss of SIGIRR in the developing
intestine predisposes to a pro-inflammatory milieu in the
absence of experimental injury, we examined the baseline
differences in cytokine gene expression and TLR activation in
SIGIRR − / − and SIGIRR+/+ mice on DOL-8. We compared
the levels of inflammatory cytokines implicated in human
NEC between the terminal ileum of wild-type and
SIGIRR − / − mice on DOL-8. We chose DOL-8 because
SIGIRR expression is abundant in wild-type mice devel-
opmentally, and experimental NEC induction commenced on
DOL-8. We found that control SIGIRR − /− had a two- to
threefold increase in the intestinal expression of inflammatory
cytokines TNFα, iNOS, and KC (Figure 2a). IL-1β, a ligand
for IL-1R, which is a member of TLR–interleukin superfamily
inhibited by SIGIRR; moreover, IFN-β, a cytokine that is
activated by myeloid differentiation primary response 88
(MyD88)-independent TLR4 signaling, was also significantly
upregulated at the RNA level (Figure 2a) in SIGIRR − / −
mice. Intestinal protein expression of ICAM-1 and IL-1β was
also increased in control SIGIRR − /− pups when compared
with SIGIRR+/+ pups (Figure 2b,c).

To explain the differences in cytokine expression among
SIGIRR+/+ and SIGIRR − /− mice, we initially probed the
expression of innate immune receptors regulated by SIGIRR
in the intestine. TLR4 expression was modestly elevated,
whereas IL-1R expression was modestly decreased in
SIGIRR − /− mice when compared with SIGIRR+/+ mice,
but TLR5 expression (a receptor for flagellin from Gram-
negative bacteria) was comparable (Figure 2d,e). We then
examined whether intestinal canonical TLR signaling was
differentially activated in SIGIRR+/+ and SIGIRR − /− mice
during postnatal adaptation. We found an increased
phosphorylation of the inhibitor of NF-κB Kinase Beta
(IKK-β) and p65 (a subunit of NF-κB, RelA) in SIGIRR− /−
mice compared with that in SIGIRR+/+ mice (Figure 2f,g).
Together, these results suggest that even without induction of
any injury, control SIGIRR− /− mice have a state of TLR hyper-
responsiveness evident by a modest activation of downstream
canonical TLR signaling and inflammation.

SIGIRR− /− Mice Demonstrate Increased Intestinal
Inflammation in Comparison with SIGIRR+/+ Mice with
Experimental NEC
Loss-of-function mutations of SIGIRR are enriched in
premature infants who develop NEC, suggesting that SIGIRR
attenuates intestinal inflammation in the developing intestine
(14). To further investigate this hypothesis, we compared the
intestinal expression of inflammatory cytokines in SIGIRR+/+
and SIGIRR − /− mice following NEC induction. Experi-
mental NEC robustly induced the gene expression of TNF-α,
iNOS, and KC in SIGIRR+/+ mice, which was further
amplified in SIGIRR − / − (Figure 3a). Induction of
IL-1β RNA was 10-fold higher with experimental NEC in
SIGIRR − /− mice (Figure 3b); moreover, IFN-β, a gene that
is induced by TLR4-mediated activation of TRIF-dependent
signaling, was also significantly higher in SIGIRR − / − mice
(Figure 3b). Protein expression of inflammatory cytokines,
including iNOS, IL-1β, and ICAM-1, was also exaggerated
with NEC induction in SIGIRR − /− mice (Figure 3c,d).
Taken together, these data show that in the developing
intestine loss of SIGIRR results in exaggerated cytokine
responses with experimental NEC.

Canonical TLR4 Pathway Signaling is Exaggerated in SIGIRR− /−
Mice with NEC
Next, we investigated whether dysregulation of canonical TLR4
signaling in the intestine contributed to an exaggerated
inflammatory cytokine expression in SIGIRR− /− mice. We
found that NEC-induced IKK-β phosphorylation observed
in the intestines of SIGIRR+/+ mice was exaggerated in
SIGIRR− /− mice, indicating the activation of NF-κB through
a canonical TLR-signaling pathway (Figure 4a,b). SIGIRR− /−
mice with NEC also exhibited an increased phosphorylation of
p38 and JNK compared with wild-type mice, indicating an
exaggerated TLR4-dependent activation of MAP kinase
(MAPK) signaling (Figure 4a,b). We also examined p65
phosphorylation to determine whether upstream changes in
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IKK-β phosphorylation and MAPK phosphorylation resulted
in NF-κB activation. We found that p65 phosphorylation
induced with experimental NEC in SIGIRR+/+ mice was
amplified in SIGIRR− /− mice (Figure 4c,d). Similar to our
data on DOL-8 mice, control SIGIRR− /− mice also
demonstrated an increased baseline cytokine expression, TLR
pathway kinase phosphorylation, and NF-κB activation
compared with those in SIGIRR+/+ mice at DOL-11. These
results indicate that the insufficiency of SIGIRR results in
an exaggerated canonical TLR4 signaling and NF-κB
activation that contributes to excessive inflammation seen in
SIGIRR− /− mice with experimental NEC.

SIGIRR− /− Mice Demonstrate Increased Intestinal Apoptosis
with NEC
Because cell death is a hallmark pathological feature of NEC
in infants, we investigated whether SIGIRR − / − mice have
increased intestinal apoptosis with NEC. We used TUNEL
assay and cleaved caspase-3 levels to measure the degree of

apoptosis of enterocytes in SIGIRR − /− and wild-type mice
with and without NEC on DOL-11 after completion of the
NEC protocol. NEC induced a significant apoptosis in
SIGIRR+/+ mice, which was exaggerated by more than
twofold in SIGIRR − /− mice (Figure 5a,b). We noted a mild
elevation in cleaved caspase-3 levels in control SIGIRR − /−
when compared with that in SIGIRR control pups on DOL-11
by immunoblotting. With experimental NEC, there was
further evidence of exaggerated activation of apoptotic
signaling in SIGIRR− /− mice in comparison with SIGIRR+/+
mice (Figure 5c,d). These results indicate that
SIGIRR− /− mice exhibit more intestinal injury with
experimental NEC than their wild-type counterparts.

SIGIRR− /− Mice have More Intestinal Injury Consistent with
Experimental NEC
We performed histologic analysis using published scoring
criteria to compare intestinal injury in SIGIRR− /− and
SIGIRR+/+ mice after NEC induction. There was no difference
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in NEC injury scores in control animals (Figure 6a,b), but there
were significant differences in injury after experimental NEC.
Half of the SIGIRR− /− mice developed grade II+ intestinal
injury (NEC grade 1.1 vs. 1.7; P= 0.03, n= 9) in comparison

with SIGIRR+/+ mice, which developed mostly grade-1 NEC
(Figure 6a,b). These results indicate that SIGIRR− /− mice are
much more susceptible to experimental NEC as compared with
their wild-type counterparts.
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DISCUSSION
Human and animal studies strongly suggest that activation of
intestinal TLR4 signaling contributes to the pathogenesis of
NEC. However, the mechanisms by which aberrant TLR4
signaling is mitigated in the developing intestine are not fully
understood. In this study, we evaluated the role of SIGIRR in
regulating intestinal TLR4 signaling using a murine model of
NEC. We demonstrate that newborn mice deficient in SIGIRR
exhibited increased levels of IKK-β phosphorylation and
MAPK activation following experimental NEC, consistent
with exaggerated activation of canonical TLR4 pathway
signaling. SIGIRR − /− mice with NEC had significantly
increased intestinal levels of inflammation and apoptosis, as
well as more severe NEC compared with wild-type mice.
Interestingly, we noted an increased inflammatory cytokine
expression in the intestinal tract of SIGIRR-deficient mice
under physiologic breast-fed conditions, suggesting an
aberrant TLR pathway activation. These data reveal that
SIGIRR is an important regulator of TLR4 signaling in the
neonatal intestine, and SIGIRR deficiency programs TLR4
hyper-responsiveness conducive to the development of NEC
with formula-feeding and hypoxic stress (Figure 6c).

Although we used a well-accepted model of NEC, the
relevance of SIGIRR to Paneth cell ablation(19) and
trinitrobenzene sulfonic-acid models(20) of experimental
NEC need to be investigated, as these models probe different
pathogenic mechanisms underlying NEC.
Developmental regulation of intestinal innate immune

responses may explain why the premature intestine is
predisposed to NEC. We thus sought to determine how
SIGIRR, a key negative regulator of intestinal TLR4 signaling,
is developmentally regulated. We observed that the expression
of SIGIRR in the mouse intestine is initially low at birth and
increases gradually, peaking around postnatal day 7–10. This
pattern of developmental expression, which was also observed
in the rat intestine, correlates with previous studies in mice,
demonstrating a high intestinal expression of TLR4 at birth
that gradually decreases with age(21,22). The gradual shift
from low SIGIRR–high TLR4 expression to high SIGIRR–low
TLR4 expression in the developing intestines may explain
why term infants and more mature (14–21-day old) mice are
protected from developing NEC(18). Our evaluation is limited
by a lack of human intestinal samples to evaluate SIGIRR
expression in infants, although a similar ontogeny observed in
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control SIGIRR+/+ mice is shown graphically (d). *Po0.01 (SIGIRR+/+ Control vs. SIGIRR+/+ NEC); **Po0.01 (SIGIRR+/+ NEC vs. SIGIRR− /− NEC);
§Po0.05 (SIGIRR+/+ Control vs. SIGIRR− /− Control). n≥ 4. ICAM, intercellular adhesion molecule-1; IL, interleukin; iNOS, inducible nitric oxide
synthase; NEC, necrotizing enterocolitis qRT-PCR, quantitative reverse-transcriptase PCR; SIGIRR, single-immunoglobulin interleukin-1 receptor-related
molecule; TNF-α, tumor necrosis factor-alpha;.
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both mouse and rat intestines suggests that the developmental
expression of SIGIRR is likely conserved across species.
Interestingly, Nanthakumar et al. found a low expression of
SIGIRR and other negative regulators of TLR signaling in
infants with NEC(23). It is unclear from the above study
whether a low SIGIRR expression contributed to the
development of NEC or was a response to inflammation in
NEC. We speculate based on our data that a low expression of
SIGIRR at birth can contribute to the vulnerability of an
immature intestine to NEC.
Exaggerated inflammation in the intestinal tract is the main

hallmark that characterizes NEC(5). In our study, we
observed that breast-fed SIGIRR − /− mice exhibited a
modest increase in baseline intestinal inflammation without
the induction of experimental injury. Other studies have also
noted a mild increase in intestinal inflammation in newborn
wild-type mice that is self-limited and attributed to a transient
TLR4 pathway activation that occurs postnatally(22). How-
ever, our results indicate that a postnatal increase in intestinal
inflammation is exaggerated in SIGIRR − /− mice. Xiao et al.
(24) also reported a significantly higher expression of
inflammatory cytokines in the adult colon of SIGIRR − /−

mice compared with that of wild-type mice, suggesting that an
exaggerated intestinal inflammation in SIGIRR-deficient
states extends to the colon and may not be limited to the
immediate newborn period. This exaggerated inflammation in
SIGIRR-deficient states supports the hypothesis that the
underlying genetic factors predispose certain infants to
develop NEC(14,25). On the basis of our findings and
others, we speculate that intestinal loss of SIGIRR, arising
from genetic mutations, can prime a state of intestinal
TLR hypersensitivity that, in the presence of secondary
insults such as formula-feeding and/or dysbiosis, can
combine to cause NEC in genetically predisposed preterm
infants.
To further evaluate the role of SIGIRR in mitigating NEC, we

compared intestinal inflammation in SIGIRR− /− and wild-
type mice subjected to a well-established protocol of experi-
mental NEC in newborn mice(18,26). We observed a
significantly elevated expression of inflammatory cytokines in
SIGIRR− /− mice with NEC compared with that of wild-type
mice. Our previous study also showed a robust expression of
inflammatory cytokines, following lipopolysaccharide admin-
istration in intestinal epithelial cells expressing loss-of-function
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SIGIRR mutations(14). Studies by Garlanda et al. (27) and
Xiao et al. (24), which examined the role of SIGIRR in relation
to inflammatory bowel disease, reported a similar pattern of
exaggerated intestinal inflammation in SIGIRR-deficient adult
mice treated with dextran sulfate sodium to induce colitis.
Taken together, these studies indicate that SIGIRR is important
in regulating inflammation in the intestines, and that deficiency
in SIGIRR function results in an intestinal phenotype
characterized by exaggerated TLR-mediated inflammation.
Among the inflammatory cytokines evaluated in our study,

IL-1β was found to be particularly upregulated (by more than
10-fold) in SIGIRR-deficient mice with NEC compared with
wild-type mice. IL-1β, which is a potent cytokine that can
acutely upregulate inflammation, is consistently elevated in
both humans and mice with NEC(28–31). Increased levels of
IL-1β precede the histologic evidence of intestinal injury in
NEC, suggesting that IL-1β has an important role in both
initiation and propagation of inflammation in NEC(28,32). A
robust upregulation of IL-1β and other cytokines in SIGIRR− /−
mice with NEC can be attributed to de-repression of TLR
signaling with SIGIRR insufficiency, resulting in increased NF-κβ
activation and IL-1β expression. Interestingly, as IL-1β is a ligand

for IL-1R, and SIGIRR inhibits IL-1R signaling, IL-1β can
upregulate the expression of cytokines, including itself in a NF-
κB-dependent manner(13,33,34). Together with the above
studies, our findings suggest that a combined loss in the ability
to dampen the signaling from both TLR4 and IL-1R pathways in
SIGIRR-deficient mice can contribute to a vicious cycle of
inflammation and intestinal injury perpetuated by 1L-1β and
other inflammatory cytokines. Further studies are needed to
determine whether blocking IL-1R could mitigate intestinal
inflammation and have an efficacy in NEC treatment.
Jilling et al. (8) and Leaphart et al. (9) previously established

the importance of TLR4 in NEC. To determine the impact of
SIGIRR deficiency in TLR4 signaling, we measured MyD88-
dependent signaling in SIGIRR − /− and SIGIRR+/+ mice
with and without NEC. We focused on the MYD88-
dependent pathway because it is the predominant pathway
by which TLR4 signals in NEC(23,35). Similar to these
studies, we found that induction of NEC resulted in increased
activation of the MyD88-dependent TLR4 pathway. Further-
more, we found that SIGIRR − /− mice had a significantly
increased activation of TLR4 and more severe NEC compared
with that of SIGIRR+/+ mice, suggesting that an increased
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severity of NEC in SIGIRR − /− mice is due to an exaggerated
activation of a canonical TLR4-signaling pathway that results
from the inability of SIGIRR to inhibit TLR4 activity.
Interestingly, IFN-β gene expression was also increased in
NEC, and was exaggerated in SIGIRR − /− mice. It is unclear
whether the increase in IFN-β expression in our study was
related to an underlying SIGIRR deficiency or was a
compensatory response (IFN-β has anti-inflammatory roles)
to the exaggerated inflammation in SIGIRR − /− mice. The
potential role of SIGIRR in regulating IFN-β expression
through TRIF in experimental NEC will be investigated in
future studies(36).
TLR4-mediated enterocyte apoptosis also has an early and

important role in NEC. Rodent studies demonstrate that
enterocyte apoptosis precedes tissue injury in NEC(11,37),
and inhibiting apoptosis through an epidermal growth factor
or caspase inhibitors reduced the severity of NEC injury
(37,38). Consistent with other studies(9,35), we observed that

intestinal apoptosis is increased, following experimental NEC
in association with TLR4 pathway activation. In addition,
SIGIRR − /− mice exhibited more severe apoptosis and NEC
compared with wild-type mice, suggesting that SIGIRR
contributes to TLR4-mediated apoptosis in NEC. Interest-
ingly, Xiao et al. demonstrated that intestinal apoptosis is
actually decreased in the colonic epithelium of SIGIRR − /−
mice. Their study, however, differs from ours in that
enterocyte apoptosis was measured in the colon vs. the small
intestine, using SIGIRR − /− adult mice instead of neonatal
mice, and following treatment with dextran sulfate sodium to
induce intestinal colitis instead of NEC. Previous studies have
shown that, although TLR4 activation results in intestinal
injury and NEC in the small intestine, TLR4 is also required
for optimal enterocyte proliferation in the colon and is
protective against colitis(39,40). Taken in conjunction with
our data, these studies suggest that TLR4 activation may have
differential effects on apoptosis in different parts of the
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intestinal tract, during various stages of development, and in
different diseases.
In summary, our study provides further evidence for the

important role of SIGIRR in regulating TLR4-mediated
inflammation in the intestine. Mice deficient in SIGIRR have
excessive intestinal inflammation at baseline compared with
that of wild-type mice. When exposed to external stressors,
SIGIRR − / − mice exhibited unregulated intestinal TLR4
activation, resulting in enhanced intestinal inflammation
and increased enterocyte apoptosis. Taken in conjunction
with recent studies showing the enrichment of SIGIRR
mutation in infants with NEC, our data show that SIGIRR
is a critical regulator of TLR signaling in the developing
intestine. Future studies will investigate the role of the
microbiome in priming TLR sensitivity in SIGIRR − /− mice,
and the mechanisms by which SIGIRR regulates TLR and
IL-1R signaling in the gut.
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