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SUMMARY

Cytomegalovirus infection worsens necrotizing enterocolitis
severity by increasing toll-like receptor 4 signaling and
causing mitochondrial dysfunction. Administration of a re-

ceptor agonist attenuates necrotizing enterocolitis by
reducing the deleterious effects of cytomegalovirus on
mitochondrial function and by reversing the effects of
cytomegalovirus on toll-like receptor 4 signaling within the
intestinal mucosa.

BACKGROUND AND AIMS: Necrotizing enterocolitis (NEC) is a
life-threatening condition in premature infants, marked by
acute intestinal necrosis. NEC develops in part after activation
of the lipopolysaccharide receptor toll-like receptor 4 (TLR4)
by intestinal microbes in the intestinal epithelium. Previous
authors have shown an increased risk of NEC in human infants
after cytomegalovirus (CMV) infection, which can affect mito-
chondrial function. We now seek to explore the impact and the
mechanisms of CMV infection on NEC severity and its rela-
tionship with TLR4 signaling and mitochondria function.

METHODS: NEC was induced in newborn mice with and
without CMV infection. RNA sequencing and gene set

enrichment analysis were performed to identify effects
on inflammatory and metabolic pathways. The role of
TLR4 signaling and mitochondrial function were investi-
gated in wild-type and Tir4-deficient mice. The adenosine
receptor agonist 5’-N-ethylcarboxamido adenosine was
tested for its ability to reduce CMV-induced effects on NEC
severity.

RESULTS: CMV infection significantly increased NEC
severity in wild-type mice. Mechanistically, CMV infection
triggered proinflammatory pathways, disrupted cellular
metabolism, and upregulated TIr4 expression, leading
to mitochondrial dysfunction and nuclear factor-kB
translocation. These effects were notably absent in Tlr4-
deficient mice. 5’-N-ethylcarboxamido adenosine treat-
ment reversed CMV-induced NEC severity by reducing
mitochondrial dysfunction and TLR4-driven nuclear factor-
kB activation.

CONCLUSIONS: CMV infection worsens NEC severity in mice by
amplifying TLR4 signaling, inflammation, and mitochondrial
dysfunction. Targeting CMV and its influence on TLR4 may
offer novel therapeutic approaches for NEC. (Cell Mol Gastro-
enterol Hepatol 2025;19:101473; https://doi.org/10.1016/
J.jemgh.2025.101473)
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This article has an accompanying editorial.

N ecrotizing enterocolitis (NEC) is a devastating dis-
ease of premature infants characterized by rapid
intestinal necrosis, leading to death in nearly a third of
affected patients.”” Up to 10% of premature infants develop
NEC,® and unfortunately, the survival rate of patients with
NEC has remained unchanged over the past 3 decades.*
These sobering statistics highlight the need for greater in-
sights into disease pathogenesis and new therapeutic
approaches.

Current thinking suggests that NEC develops from an
excessive inflammatory response within the immature in-
testinal mucosa.” This proinflammatory state is partly
caused by persistently elevated expression of the lipopoly-
saccharide (LPS) receptor toll-like receptor 4 (TLR4) in the
premature infant,® which becomes activated by an abnormal
intraluminal accumulation of bacteria of the Enterobacteri-
aceae family.” TLR4 activation damages the intestinal
epithelium through a combination of apoptosis®’ and nec-
roptosis,'® and impairs mucosal repair by reducing enter-
ocyte proliferation and migration."'? Importantly, the
factors leading to elevated TLR4 activation in the premature
gut remain largely undefined, which may explain variations
in NEC severity among patients with similar risk factors of
prematurity and formula feeds.'?

In seeking to identify the potential role for unexplored risk
factors for NEC severity, we now explore the potential role for
cytomegalovirus (CMV) infection. CMV is a herpesvirus with a
global seroprevalence ranging from 40% to 80%.'* CMV
infection is generally asymptomatic in healthy individuals, but
poses significant risks to the fetus during pregnancy, leading to
congenital anomalies that are thought to be related in part to
mitochondrial dysfunction.'”"'? Based on these findings, we
now hypothesize that CMV infection contributes to NEC
severity by enhancing intestinal TLR4 signaling and inducing
mitochondrial dysfunction. We now show that CMV infection
increases NEC severity in neonatal mouse models, and that
administration of the adenosine receptor agonist 5’-N-ethyl-
carboxamidoadenosine (NECA) can reverse these effects, of-
fering a potential new therapy for this devastating disease.

Results
Murine CMV Infection Increases the Severity of
NEC in Neonatal Mice

To determine whether murine CMV (mCMV) infection
contributes to the severity of NEC, we developed a model of
perinatal mCMV infection in mice (Figure 14). Development of
such a model is challenging, because simple delivery of mCMV
to pregnant dams results in rapid viral clearance.”’ To over-
come this clearance effect, we explored alternative approaches
that bypass the dam, and therefore administered mCMV
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directly into the pup, in utero and immediately postnatally
(<12-18 hours after birth), to mimic potential routes of hu-
man neonatal CMV transmission. Specifically, we tested mCMV
delivery in utero using ultrasound-guided intrachorionic villi
injection or ultrasound-guided injection into the amniotic
fluid, and postnatal injection of pups within 12-24 hours
after birth. mCMV infection in the ileum was determined
by the expression of early antigen (le1) and interferon-
gamma (Ifng), 2 genes that are known to be increased in
response to mCMV infection.”’** Compared with mice in
which mCMV was administered directly to the pregnant
dam by intraperitoneal injection in which neither /el nor
Ifng were upregulated in the fetuses (Figure 1B and C), the
expression of both /el and Ifng were increased in the in-
testinal mucosa of pups in which mCMV was delivered into
the placenta (Figure 1D and E), to the amniotic fluid
(Figure 1F and G) or directly to the pups within 12-18
hours after birth (Figure 1H and I). Because in utero de-
livery of mCMV injection resulted in significant fetal loss
caused by the trauma of injection, we adopted Model 4 in
which mCMV was directly injected into neonatal pups for
the subsequent studies, which allowed for further studies
on the role of CMV in NEC pathogenesis.

mCMV was detected in the ileal tissues of newborn pups
at 7 and 12 days postinjection, as revealed by the expression
of lel by quantitative reverse transcription polymerase
chain reaction (qQRT-PCR) (Figure 1J). Interestingly, the virus
seemed to be cleared by 28 days, because lel was no longer
detectable by qRT-PCR at that time point. After confirming
CMV infection via qRT-PCR (Figure 24) and immunostaining
in infected but not in uninfected mice (Figure 2B and (), the
pups were then subjected to an established NEC model that
was comprised of the administration of infant formula feeds,
intermittent hypoxia, and gavage with bacteria from the
stool of an infant with severe NEC, in the presence or
absence of mCMV infection. Importantly, mCMV infection
resulted in significantly increased NEC severity, as revealed
by increased mucosal injury to the small intestine
(Figure 2D and E), increased expression of 3’-nitrotyrosine
(3’-NT) (Figure 2F-]), increased staining for dihydroethi-
dium (DHE) (Figure 2K-0), increased expression of the
proinflammatory cytokines Ifng (Figure 2P) and tumor ne-
crosis factor (Tnf) (Figure 2Q), and increased detection of
mitochondrial DNA (mtDNA) nicks (Figure 2R) in the ilea of

Abbreviations: 3’-NT, 3’-nitrotyrosine; ATCC, American Type Culture
Collection; ATP, adenosine triphosphate; CMV, cytomegalovirus; DHE,
dihydroethidium; GSEA, gene set enrichment analysis; H&E, hema-
toxylin-eosin; IEC-6, intestinal epithelial cells; Ifng, interferon gamma;
LPS, lipopolysaccharide; mCMV, murine cytomegalovirus; mtDNA,
mitochondrial DNA; NEC, necrotizing enterocolitis; NECA, 5’-N-ethyl-
carboxamido adenosine; NF-xB, nuclear factor kappa B; qRT-PCR,
quantitative reverse transcription polymerase chain reaction; ROS,
reactive oxygen species; scRNA-seq, single-cell RNA sequencing;
TLR4, toll-like receptor 4; Tnf, tumor necrosis factor.
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mCMV infected mice with NEC as compared with uninfected model but which were infected with mCMV as above
mice and control animals without NEC. In parallel experi- showed a significant increase in DHE, Ifng, Tnf, and mtDNA
ments, breastfed mice that were not exposed to the NEC nicks above baseline, indicating that mCMV infection alone
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Figure 2. Murine CMV infection increases NEC severity in neonatal mice. (A) Expression by gqRT-PCR of murine CMV
antigen le1 in ilea of neonatal mice in presence or absence of CMV infection. (B, C) Representative confocal images of
neonatal mouse small bowel sections stained with anti-CMV immediate early antigen, IE1 (IE1 red, white arrows; DAPI blue).
Representative H&E stained distal ileal sections in CMV™ NEC (D) and CMV*NEC (E) mice. (F-I, K-N) Representative confocal
images of ileal sections stained with the oxidative-injury marker, 3-nitrotyrosine (green, 3’-NT; blue, DAPI F-l) and ROS marker
DHE (red, DHE; blue, DAPI; K-N). (J, O) Quantification of fluorescent intensity. Expression by gRT-PCR of IFNG (P) and TNF
(Q). (R) Mitochondrial damage, calculated as nicks/16kb mouse mitochondrial genome. (S) Total injury score in the indicated
group, as defined in Methods. Statistical significance was determined by 1-way analysis of variance followed by Tukey’s
multiple comparisons tests or unpaired t-test using GraphPad Prism 10 software. *P < .05, **P < .01, **P < .001. Scale bars,
50 um. Data from 6-10 mice per group.

can induce an inflammatory response in the intestinal mu- exhibited significantly higher NEC injury scores (as defined
cosa (Figure 2F-R). Consistent with these findings, mCMV- in Methods), compared with uninfected NEC mice
infected mice that were subjected to the NEC model (Figure 2S). As shown in Figure 2S5, mCMV infection in

Figure 1. (See previous page). Development of experimental models of perinatal murine CMV infection routes in mice.
(A) Schematic depicting the 4 routes of experimental murine CMV infection as described in Methods. (B, C) Route 1: intra-
peritoneal injections, in C57BI/6 pregnant dams at embryonic day 17.5 (e17.5). (D, E) Route 2: Ultrasound (US)-guided in utero
injection into the placenta (intrachorionic villi injection). (F, G) Route 3: US-guided in utero injection into the amniotic fluid. (H, /)
Route 4: intraperitoneal injections in newborn mice within 12-24 hours after birth, showing gRT-PCR of murine CMV imme-
diate early gene (le?) (B, D, F, H) and Ifng (C, E, G, ), in the ileal tissue mice of CMV-injected mice. (J) Murine CMV infection in
newborn mice persists until postinfection day 12, as revealed by gRT-PCR of murine CMV immediate early gene (le7) in the
ileal tissue on the indicated day after infection, infected at birth with murine CMV. Statistical significance was determined by 1-
way analysis of variance followed by Tukey’s multiple comparisons tests or unpaired t-test using GraphPad Prism 10 software.
P < .01, ™P < .001, ™*P < .0001, ns, nonsignificant (P > .5), each dot is data from a different mouse (n = >5 mice/group).
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breastfed mice did not independently induce NEC. These
findings suggest that although mCMV increases the severity
of NEC, it is insufficient to cause NEC on its own. We next
sought to investigate the mechanisms by which CMV infec-
tion increases NEC severity in mice.

Patterns of Gene Expression in the Intestinal
Epithelium of CMV-Infected Mice

We next used single-cell RNA sequencing (scRNA-seq) to
determine whether murine-CMV infection could induce cell-
specific phenotypic alterations in the intestines of mice and
thus contribute to the development of NEC. To do so, a
scRNA-seq dataset was generated by integrating 4 replicates
from the 4 different treatment groups (ie, breastfed control,
perinatal mCMYV infection without NEC, NEC without mCMV,
and NEC with perinatal mCMV infection). After quality
control, dimensional reduction, and Uniform Manifold
Approximation and Projection, we used both marker genes
and correlations to published scRNA-seq databases to
identify the cellular populations within 20 clusters
(Figure 3A4). Of these 20 clusters, 8 were enterocyte sub-
clusters, which on further analysis were revealed to sepa-
rate into distinct enterocyte subtypes based on the presence
of mCMV infection and NEC (Figure 3B and C). We examined
the proportions of each cell type by condition and found
that enterocyte clusters 4 and 5 were primarily from the
unperturbed control samples. Enterocyte clusters 1, 2, and 3
were primarily from NEC samples, and enterocyte clusters 6
and 7 were primarily found in the mCMV samples
(Figure 3D). The NEC+4CMV group’s cell proportions
matched up most similarly to NEC but did have some in-
crease in enterocyte 7, similar to mCMV-alone samples
(Figure 3D). This scRNA-seq analysis revealed a phenotypic
transformation in enterocyte cells caused by murine-CMV
infection, which was explored further by isolating enter-
ocyte clusters and performing gene set enrichment analysis
(GSEA). This analysis, visualized with a network plot,
determined that CMV infection leads to an upregulation in
immune pathways and a decrease in pathways linked to
cellular metabolism (Figure 44). To examine in more detail
these genes of interest, we generated stacked violin plots,
which allowed us to visualize expression changes in these
genes between CMV-infected and control subjects, and then
validated the expression of each of the genes whose
expression was significantly increased or decreased
(Figure 4B and C) by qRT-PCR (Figure 4D-K). Based on the
Kyoto Encyclopedia of Genes and Genomes pathway anal-
ysis, we identified that perinatal mCMV infection altered key
genes that were linked to TLR4 signaling (Figure 4D-G),
viral-related genes (Figure 4H and [), and mitochondrial
energy metabolism (Figure 4/ and K). For completeness, we
also show how perinatal mCMV infection in mice altered the
transcriptome of a variety of key metabolic genes within the
small intestine as evidenced by the validation of multiple
genes by qRT-PCR (Figure 5). In light of the GSEA findings
shown in Figure 4 and the critical role for TLR4 signaling in
NEC,** we next focused our investigations on understanding
the effects of mCMV infection on TLR4 signaling.

CMV Worsens Necrotizing Enterocolitis Via TLR4 5

Murine CMV Infection in Newborn Mice Leads to
Increased TLR4 Signaling in the Intestinal Epithelium
which Contributes to Increased NEC Severity

To determine whether perinatal CMV infection could
increase NEC severity through TLR4 induction, we turned to
the newborn mouse model and observed that mCMV
infection significantly increased TIr4 expression in the ileum
as compared with uninfected mice (Figure 6A4). Further-
more, mCMV-infected newborn mice responded to LPS in-
jection with significantly greater expression of Tnf in the ileum
on postinfection day 7 as compared with uninfected mice
(Figure 6B), consistent with an effect of CMV infection in
enhancing TLR4 signaling in the intestine. In control experi-
ments, we confirmed the specificity of an mCMV-mediated in-
crease in TLR4 signaling in the small intestinal epithelium by
repeating the mCMV infection studies in intestinal-specific Tir4-
knockout mice (TIr4”%),** which did not increase Tnf expres-
sion in response to LPS and mCMV (Figure 6F). Conversely,
TLR4-overexpressing mice that selectively overexpress Tir4 on
the intestinal epithelium in a Tir4-knockout background
(TIr4°V*R) showed enhanced LPS-induced Tnf expression in the
ileum, thus mimicking the effect of mCMV infection on
increasing TIr4 expression and signaling (Figure 6F).

We next assessed whether the effect of CMV infection on
increasing NEC severity occurs through increased TLR4
signaling, and thus performed studies on mice with 3
distinct genetic backgrounds (wild-type, TIr4?£¢, and
TIr4°VER), which were each infected with mCMV at birth and
then induced to develop NEC. As shown in Figure 6, the
expression of TIr4 in the intestinal epithelium is required
for NEC induction in response to mCMV infection, because
TIr4*™=¢ mice did not develop NEC, as shown by normal-
appearing hematoxylin-eosin (H&E)-stained histologic sec-
tions in comparison with wild-type mice (Figure 6C and D)
and a failure to induce Tnf expression (Figure 6F). By
contrast, TIr4°"*® mice developed severe NEC even in the
absence of mCMV infection, as indicated by H&E staining
(Figure 6F) and Tnf expression in the intestinal epithelium
(Figure 6F), mimicking the effects of mCMV on TLR4
expression in NEC development. Further confirmation that
mCMYV infection led to NEC via TLR4 induction is shown in
Figure 6G-1, in which mCMV infection led to significantly
increased DHE staining (reflective of increased reactive
oxygen species [ROS] release) in wild-type mice with NEC
that was not seen in TIr44E¢ mice exposed to NEC, leading
to significantly increased NEC severity scores in wild-type
as compared with TIr44"5 mice. As anticipated, TIr4°"%®
mice developed severe NEC, mimicking the effects of CMV
infection in the wild-type mice (Figure 6]). Taken together,
these data indicate that CMV infection leads to severe NEC
at least in part through increased TLR4 expression.

CMYV Infection Reduces Methylation of the TLR4
Promoter in Mice and Humans

We next sought to investigate whether CMV might alter
the degree of methylation of the TLR4 promoter as a
mechanism by which the virus could increase TLR4
expression. To do so, we performed TLR4 promoter
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Figure 3. Patterns of gene expression in the intestinal epithelium of CMV-infected mice. Single-cell RNA sequencing was
performed on the ileal mucosa of neonatal mice perinatally infected with murine CMV and induced to develop experimental NEC,
n = 4 mice/group. (A) Uniform manifold approximation projection (UMAP) of integrated single-cell data from all 4 groups. (B)
Heatmap of top differentially expressed genes for enterocytes. (C) UMAP projection colored by condition rather than cell type
showing CMV and control enterocytes cluster distinctly from NEC-CMV and NEC enterocytes. (D) Bar graph showing the per-
centage of each cell type by condition, thus quantifying the difference between enterocyte subtype expression for each condition.

methylation studies via methylation-specific qPCRs on the
genomic DNA isolated from tissue and cells infected with
mCMV, using primer pairs designed to target the TLR4
promoter region (Table 1). As shown in Figure 7, mCMV
infection significantly decreased the methylation index in
genomic DNA samples that were isolated from the ileum
from mice (Figure 7Ai). To assess whether these effects
could be observed independent of circulating immune cells,
we next performed studies on enteroids derived from the
ilea of mCMV-infected newborn mice (Figure 7Bi), which
similarly revealed a decrease in methylation of the TLR4

promoter. To assess potential mechanisms governing the
effects of CMV on TLR4 methylation, we next assessed
whether viral infection could alter the expression of DNA
methyltransferase 1 (Dmnt1), an enzyme that catalyzes the
transfer of methyl groups to specific CpG sites in the DNA.?
CMV infection significantly reduced the expression of Dnmt1
in mouse ileum and mouse ileal enteroids (Figure 74 and B)
when compared with uninfected samples. These data sug-
gest a potential mechanism by which CMV infection could
increase TLR4 expression through effects on methylation of
its promoter.
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Figure 4. Murine CMV infection increases the expression of genes related to immune response pathways and de-

creases the expression of genes related to energy metabolism profile in enterocytes. (A) Network plot visualization of
GSEA in CMV infected and uninfected (control) enterocytes reveals that CMV infection increases the expression of genes
related to immune pathways and decreases the expression of genes related to cellular metabolic pathways. Similar gene
ontology terms were manually combined and colored by average normalized enrichment score (NES) on a gradient scale from
decreased enrichment (blue) to increased enrichment (red). Genes making the greatest contribution to pathway enrichment are
listed below each combined term. The number of genes shared between terms is represented by the thickness and darkness
of the line between pathways. (B, C) Stacked violin plots show the expression levels of significantly (*P < .05, Wilcoxon rank
sum test) differentially expressed genes contributing to the pathway enrichment in CMV mice versus control mice. The first
stack represents genes that are downregulated (blue), and the second contains upregulated genes (red). (D-K) gPCR validation
of single cells data. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis showing genes influenced by
TLR4 signaling. Histocompatibility 2, K region locus (2H2k1, D); histocompatibility 2, D region locus 1(H2d1, E); histocom-
patibility 2, T region locus 23 (H2t23, F); and signal transducer and activator of transcription 1 (Stat7, G). Viral related genes:
Interferon regulatory factor 7 (Irf7, H) and Z-DNA binding protein 1 (Zbp1, /). Energy metabolism: Acetyl-Coenzyme A ace-
tyltransferase 1 (Acat1, J) and Phosphoenolpyruvate carboxykinase 1, cytosolic (Pck1, K). Statistical significance was
determined by 1-way analysis of variance followed by Tukey’s multiple comparisons tests or unpaired t-test using GraphPad
Prism 10 software. ***P < 0.001. Mice data from >8 mice per group for PCR validation genes.

Murine CMV Infection in Newborn Mice Induces
TLR4-Dependent Mitochondrial Injury and
Adenosine Triphosphate Depletion in NEC

CMV infection is known to target mitochondria where
it can result in adenosine triphosphate (ATP) depletion
in the host.?° The subsequent impairment of mitochon-
dria function would be expected to then release ROS, a

finding that is consistent with the increased DHE stain-
ing that we observed in the small intestine of CMV
infected mice (Figure 20), and with the GSEA findings
revealing a disruption in mitochondrial genes related to
cellular metabolism (Figure 4). We therefore next
investigated whether mCMV infection in newborn mice
induces mitochondrial injury in the intestinal epithelium,
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Figure 5. Single-cell sequencing data validation by gRT-PCRs in the ileum of newborn mice. (A-T) gRT-PCR expression
of Diazepam-binding inhibitor, Dbi (A); Cytochrome ¢ oxidase subunit 4l1, Cox4i1 (B); Ndufa4, mitochondrial complex
associated, Ndufa4 (C); hexosaminidase A, Hexa (D); Hydroxysteroid (17-beta) dehydrogenase 11, Hsd17b11 (E); Carnitine O-
octanoyltransferase, Crot (F); Prosaposin, Psap (G); Transthyretin, Ttr (H); 4-aminobutyrate aminotransferase, Abat (/); Insulin-
like growth factor 2, Igf2 (J); Beta-2 microglobulin, B2m (K); Lecithin-retinol acyltransferase (phosphatidylcholine-retinol-O-
acyltransferase), Lrat (L); Alpha fetoprotein, Afp (M); Interferon regulatory factor 1, Irf1 (N); Lectin, galactose binding, soluble 9,
Lgals9 (O); Tripartite motif-containing 30D, Trim30d (P); Tripartite motif-containing 12A, Trim12a (Q); Receptor transporter
protein 4, Rtp4 (R); Bone marrow stromal cell antigen 2, Bst2 (S); ISG15 ubiquitin-like modifier, Isg75 (T), on CMV™ and CMV™*
mouse ileal tissues. Statistical significance was determined by unpaired t-test using GraphPad Prism 10 software. *P < .05, *P
< .01, *™™P < .001, each dot is data from a different mouse, n = 9 or more mice.

whether such mitochondrial injury could lead to NEC,
and whether these changes occurred in a TLR4-
dependent manner. Transmission electron microscopy
of the ilea of wild-type mice without NEC that had been
infected with mCMV revealed significant mitochondrial
disruption, characterized by a loss of cristae and the
formation of spherical inclusion bodies (Figure 8A and
B), which are characteristic features of the effects of
CMV on mitochondrial injury.?’” *° Importantly, mCMV
infection in mice lacking TIr4 did not show any mito-
chondrial disruption (Figure 8C and D), suggesting that
TLR4 plays a pivotal role in mediating mitochondrial
injury in response to CMV infection in the intestinal

epithelium. CMV infection led to a significant induction
in the mitochondrial fission gene Drpl1 (P < .001) and
the mitophagy gene Pinkl (P < .01) (Figure 8E and F),
consistent with the transmission electron microscopy
findings, while also leading to a TLR4-dependent induc-
tion in mtDNA fragmentation (Figure 8G). The effects of
mCMV on the mitochondria also impacted -cellular
metabolism, because mCMV infection resulted in a sig-
nificant reduction in ATP levels in the intestinal mucosa
of wild-type ileum that was not observed in TLR4-
deficient mice, confirming the role of TLR4 in medi-
ating CMV-induced mitochondrial the
newborn intestine (Figure 8H).

damage in
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Figure 6. Murine CMV infection in newborn mice leads to increased TLR4 signaling in the intestinal epithelium, which
contributes to increased NEC severity. (A) gRT-PCR of TIr4 in the ilea of mice with and without perinatal CMV infection. (B) Tnhf
expression in the ilea of neonatal mice perinatally infected with murine CMV and treated on postnatal day 7 with LPS (5 mg/kg,
intraperitoneally, 6 hours). (C-E) Representative H&E images of samples of the intestinal epithelium from mice induced to develop
NEC that were either wild-type (WT), intestinal-specific TLR4-knockout mice (TIr4P'E°), or which overexpress TLR4 in the intestinal
epithelium on a TIr4™~ background (TIr4°VER) and which were either infected (CMV+) or uninfected (CMV-) with CMV. (F) gRT-PCR
expression of Tnf corresponding to the groups in C-E. (G, H) Representative confocal images and quantification using image J
software (/) of the ROS marker DHE (red); DAPI is shown in blue. (J) NEC injury score as defined in Methods. Statistical significance
was determined by 1-way analysis of variance followed by Tukey’s multiple comparisons tests or unpaired t-test using GraphPad
Prism 10 software. *P < .05, *P < .01, **P < .001. Scale bars = 50 um. Mice data from 6-10 mice per group.

CMYV Infection Induces ATP Loss and Alters the
mRNA Expression of Key Adenosine-ATP
Homeostatic Enzymes

Shown in Figure 94 is an overview of the key molecules
involved in the metabolism of ATP and its precursor aden-
osine within the cell. We observed that mCMV infection led
to a significant reduction in ATP concentration in the ileal
mucosa (black vs cyan dots in Figure 9B) that was further
reduced in the presence of NEC (cyan vs purple dots in
Figure 9B), consistent with the mitochondrial damage

induced by CMV. The effects of CMV in reducing ATP pro-
duction were also observed in cultured intestinal epithelial
cells (IEC-6), which were infected with mCMV for 48 hours,
and which resulted in a significant decrease in ATP syn-
thesis compared with uninfected cells (Figure 9C). In
seeking to understand how CMV could reduce ATP synthe-
sis, we next assessed key ATP synthetic enzymes, trans-
porters, and receptors in the intestines of mice with and
without mCMYV infection in the presence or absence of NEC.
mCMYV infection significantly reduced the expression of the
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Table 1.Primer Sequences Used in the Current Study (Forward and Reverse)

gRT-PCR primers

Abat (mouse)
Acat1 (mouse)
Ada (mouse)
Adk (mouse)
Adorat (mouse)
Adora2a (mouse)
Adora2b (mouse)
Adora3 (mouse)
Afp (mouse)
Ahcy (mouse)
B2m (mouse)
Bst2 (mouse)
Cd39 (mouse)
Cd73 (mouse)
Cnt1 (mouse)
Cnt2 (mouse)
Cnt3 (mouse)
Cox4i1 (mouse)
Crot (mouse)
Dbi (mouse)
Dnmt1 (mouse)
Drp1 (mouse)
Ent1 (mouse)
Ent2 (mouse)
Ent3 (mouse)
Ent4 (mouse)
H2d1 (mouse)
H2K1 (mouse)
Ht2t23 (mouse)
Hexa (mouse)
Hsd17b171 (mouse)
116 (mouse)

Ifng (mouse)
Igf2 (mouse)
Irf1 (mouse)
Irf7 (mouse)
Isg15 (mouse)
Lgals9 (mouse)
Lrat (mouse)
Ndufa4 (mouse)
Pck1 (mouse)
Pink1 (mouse)
Psap (mouse)
Rtp4 (mouse)
Stat1 (mouse)
Tlr4 (mouse)
Tir4 (rat)

Tnf (mouse)
Trim12a (mouse)
Trim30d (mouse)
Ttr (mouse)
Rplp0

Zbp1 (mouse)

GAGCTGGAGACTTGCATGGT; GCTAAGCAACCCATGGTCCT
AGCTGTTTCTCTGGGCCATC; CCTCCTCCTCCGTTGCAAAT
AGATGAAGGCAAAGGAGGGC; CGTCCCCTTCAGTCTGGTTC
CAAGGGCGAGATGACACCAT; GCATCTCCAGCTCCATTGGT
ATCCTCACCCAGAGCTCCAT; CGCTGAGTCACCACTGTCTT
TGCTTTGTCCTGGTCCTCAC; AAGCCATTGTACCGGAGTGG
TCTTTAGCCTCTTGGCGGTG; CAGCAATGATCCCTCTCGCT

GTCCTGTGTGCTGCTGATCT; TGAGTGGTAACCGTTCTATATCTGA

AAACCTCCAGGCAACAACCA; TTCCTTGGCAACACTCCTCG
ACAAACCAGGTGATGGCACA; GCTTCACATTCAGCTTGCCC
ATGGCTCGCTCGGTGACCCT; TTCTCCGGTGGGTGGCGTGA
GTCACGAAGCTGAACCAGGA; AGTAGGCTGGAGACCACCAT
GACTACGAACAGTGCCACCA; GAAAACGCCCCAAAACTCCC
TCCTGCAAGTGGGTGGAATC; AGATGGGCACTCGACACTTG
GTCCAAGTTCCGGAGTGAGG; GCAATGTTGGCAACGACCTT
ATGTGTGCTGCAGAGAGCTT; GCAAGATTCCTGAGGCTGGA
GTCACGATGGGGTCATCTCC; CGACTTGGTGACGTGTGGTA
TCACTGCGCTCGTTCTGATT; TGGCCTTCATGTCCAGCATT
TTCAGGGTGTTGTGGTTCCC; TCCAGGATGAACATGCCACC
AAACAAGCTACTGTGGGCGA; TCAGCTTGTTCCACGAGTCC
GAGAGCCACTGTCCTGGTTC; AGCTTATGGGCTATGACGCC
TGCCAGCAAGTCCACAGAAA; ACAATCTCGCTGTTCTCGGG
GCAGAGCAGGAGACCAAGTT; GGTTTCTGTTGGTGGGTGGA
TGCCCATCATCTTCAGGCAG; CCTCTCATGTGGCAACACCT
CCTTCTTCCTCATGGCAGCA; GGCAACTGGCCTCATGTAGT
ATGTCGCATCCGGAGACATC; CGCATGTAGACCCCACTGTT
ATGCCGTGTGTACCATGAGG; ACACCCAGAACAGCAACGAT
ATCTGTGGTGGTGCCTCTTG; GCCATGTTGGAGACAGTGGA
CGGCTGGGAAATGAGACACT; CAGCACCTCAGGGTGACTTC
ATTGGAGGGGAGGCCTGTAT; CTGCTCCACAGTCTCTCAGC
CAGCGCTGCGAAAAAGGTAA; GAGGGTCCTGCGTAGCAAAT
CCAATTTCCAATGCTCTCCT; ACCACAGTGAGGAATGTCCA

AGGCCATCAGCAACAACATAAGCG; TGGGTTGTTGACCTCAAACTTGGC

TTCGGAGATGTCCAGCAACC; TGTGGGACGTGATGGAACTG
GAAAGTCCAAGTCCAGCCGA; GCTGTGGTCATCAGGTAGGG
AGGTTCTGCAGTACAGCCAC; GGGTTCCTCGTAAACACGGT
AAGCAGCCAGAAGCAGACTC; TCACGGACACCAGGAAATCG
ATGGGCTTTACCCGTCCAAG; ATGTCACCTCCACAGCGAAG
GCTCTCGGATCAGTCCACAG; TGCTAATCCCAAGACAGCCG
AAACATGCTCCGCCAGATCC; GCCAAGCGCATCACATACAG
TGGAAGGTCGAATGTGTGGG; CTTCACTGAGGTGCCAGGAG
GTGGACCATCTGGTTCAGCA; GATCACTAGCCAGGGACAGC
TCCAGGCCCACAATGTGATT; GGAGCTCCTCAGTGGCATTA
GCTATGAGATACAAAGCGGCG; CCAGGTCTGTTACGTGGCAT
CTGCTGTGCCTCTGGAATGA; TGAATGTGATGGCCCCTTCC
TTTATTCAGAGCCGTTGGTG; CAGAGGATTGTCCTCCCATT

ACTGGGTGAGAAACGAGCTGGTA; AAGCCTTCCTGGATGATGTTGGCA
TTCCGAATTCACTGGAGCCTCGAA; TGCACCTCAGGGAAGAATCTGGAA

GAAGAAGCCCAAAGCCATCG; ATGAGCCTCTGTGACCTTGC

CAGAGGGAGTTGGTGAGAGAC; TTCAGTGTCATGGTCTGAATGC

GCCTCGCTGGACTGGTATTT; CGGACAGCATCCAGGACTTT
GGCGACCTGGAAGTCCAACT; CCATCAGCACCACAGCCTTC
GGCAGAAGCTCCTGTTGACT; TTCACCAGCTGGCCAATCTT

Cytomegalovirus primers
le1 (mouse CMV) AGCCACCAACATTGACCACGCAC; GCCCCAACCAGGACACACAACTC

Mitochondrial damage primers
mtDNA (short, human)
mtDNA (long, human)
mtDNA (short, mouse)
mtDNA (short, mouse)

Methylation-specific PCRs primers
Tl4 promoter methylated (mouse)
TIr4 promoter Unmethylated(mouse)

CCCTAATAATCGGTGCCCCC; CAGATGCGAGCAGGAGTAGG
AGGGTTGGTCAATTTCGTGC; GAGCCTAGGGTGTTGTGAGT
ACGAGGGTCCAACTGTCTCTTA; TAGGGTAACTTGGTCCGTTGAT
ACGAGGGTCCAACTGTCTCTTA; GCCCAGGAAATGTTGAGGGA

AGAAAGTATTATGATATAAGATACGG; TTAATAAAAACAAAAAACTAACGTA
AAAGAAAGTATTATGATATAAGATATGG; TTAATAAAAACAAAAAACTAACATA

gRT-PCR, quantitative reverse transcription polymerase chain reaction.
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Figure 7. CMV infection reduces methylation of the TLR4 promoter in mice. (A, B) TLR4 promoter methylation index as
calculated by methylation-specific PCRs on genomic DNA extracted from murine CMV infected mice ilea and murine CMV-
infected mouse ileal enteroids and corresponding expression of Tir4 and Dnmt1 (DNA methyltransferase 1) expression by
gRT-PCRs on the corresponding indicated group. Statistical significance was determined by unpaired t-test using GraphPad
Prism 10 software. *P < .05, **P < .01, **P < .001, each dot is data from a different mouse or human specimen or enteroids
culture well. n = >9 human specimens or mice/group, n = 3-4 enteroids wells.

ATP synthesis enzyme, ATP synthase F1 subunit alpha
(Atp5al) in newborn mice, and these levels remained low in
the presence of NEC (Figure 9D), although there was no
effect of the expression of Adkl (Figure 9E). Conversely,
mCMV infection increased the mRNA expression of the ATP
catabolism enzymes Entpd1/Cd39 and Nt5e/Cd73, which are
involved in the extracellular generation of adenosine
(Figure 9F and G), whereas the expression of both enzymes
were reduced in ileal NEC tissues independent of mCMV
infection status (Figure 9F and G). The expression of S-
adenosylhomocysteine hydrolase (Ahcy) which governs the
alternate intracellular route of adenosine generation via S-
adenosylhomocysteine, did not change after mCMV infection
(Figure 9H), whereas the expression of adenosine deami-
nase (Ada), which promotes the catabolism of adenosine to
inosine, was significantly increased after mCMV infection
(Figure 9I). The expression levels of key transporters and
adenosine receptors in response to CMV infection and NEC
induction are shown in Figures 10 and 11, and suggest that

CMV infection dysregulates the ATP/adenosine metabolism
by reducing ATP synthesis and increasing adenosine
catabolism. We therefore next assessed whether supple-
mentation with a highly selective adenosine receptor
agonist NECA could protect against NEC development.

Supplementation with the Adenosine Receptor
Agonist NECA Reverses the Effects of CMV
Infection on the Development of NEC in Mice

In the next series of experiments, we sought to reverse the
effects of CMV infection on mitochondrial injury as a strategy to
attenuate NEC. To do so, we supplemented the infant formula in
the NEC model with the adenosine receptor agonist NECA, in
both mCMV infected and uninfected mice. As shown in
Figure 12A4-D, NECA supplementation reversed the marked
histologic impairment in the intestinal mucosa (Figure 12B and
D), attenuated the induction of Tnf (Figure 12E), and reduced the
induction in the expression of 3’-NT observed in the intestinal
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Figure 8. Murine CMV infection in newborn mice induces TLR4-dependent mitochondrial injury and ATP depletion in
NEC. (A-D) Representative transmission electron microscope images of the terminal ileum in wild-type (A, B) or TLR4 knockout
(TLR4¥°, C, D) mice that were either uninfected (4, C) or perinatally infected with mCMV (B, D). A magnified area corresponds to
the yellow region in each image. (E, F) Drp1 and Pink1 expression by qRT-PCR in the terminal ilea of wild-type mice with and
without mCMV infection. (G) mtDNA nicks using gPCR on genomic DNA in the indicated group. (H) ATP concentrations in the
terminal ileum in the indicated group; *P < .05, **P < .01, **P < .001, each dot represents a separate mouse; 3 separate

experiments. Transmission electron microscope at x800.

mucosa of mice with NEC (Figure 12F-). Finally, because we
have shown that CMV increases TIr4 expression and signaling
(Figures 6 and 7), we also sought to determine whether NECA
administration could reverse the effects of mCMV on TLR4
signaling and expression in the intestinal epithelium. As shown
in Figure 13, treatment of IEC-6 enterocytes with mCMV for 48
hours resulted in increased LPS-induced translocation of nu-
clear factor kappa B (NF-«B) from the cytoplasm to the nucleus
(Figure 134, B, E, and M), which was increased further in the
presence of mCMV pretreatment (Figure 13E and M) and
reduced in the presence of NECA (Figure 13D and F). Similarly,
TLR4 activation by LPS led to an increase in DHE staining
(reflective of ROS generation) in IEC-6 enterocytes (Figure 13G,
H, and N), which was increased by mCMV (Figure 13K and N)
and reduced in the presence of NECA (Figure 13L and N). The
NECA-mediated protection against CMV-induced TLR4
signaling corelated with a parallel reduction in expression of
Tir4 (Figure 130) and the downstream cytokine Tnf

(Figure 13P). Of note, the infectivity of mCMV in IEC-6 cells was
confirmed by induction of lel (Figure 14). The observations
that NECA treatment can attenuate the effects of CMV infection
on TLR4 signaling in cultured enterocytes were also observed
in the intestinal epithelium of newborn mice. Specifically, LPS
treatment of mice resulted in increased DHE staining
(Figure 13Q, R, and W), and the expression of NADPH oxidase
activator 1 (Noxal, Figure 13X), and TIr4 (Figure 13Y) and the
downstream molecule Tnf (Figure 13Z), which were all reduced
in the presence of NECA treatment (Figure 13Q-Z). Taken
together, these findings suggest that activation of the adenosine
receptors can attenuate NEC by reducing the deleterious effects
of CMV on mitochondrial function and by reversing the effects
of TLR4 signaling within the intestinal mucosa.

Discussion
This study provides 6 lines of evidence that CMV infec-
tion worsens NEC, which occurs through multiple
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Figure 9. CMV infection induces ATP loss and alters the mRNA expression of key adenosine-ATP homeostatic en-
zymes. (A) A schematic illustration of the adenosine/ATP metabolic homeostasis pathway. (B) ATP levels in the small intestinal
mucosa of newborn mice with and without NEC in the presence or absence of mMCMYV infection as indicated. (C) ATP gen-
eration as measured via the Seahorse assay in IEC6 cells infected with CMV and treated with the adenosine receptor agonist
NECA. (D-l) gRT-PCR expression of the following genes in the intestinal mucosa of ctrl or NEC mice in the presence or
absence of mCMV infection: ATP synthesis genes, ATP synthase F1 subunit alpha (Atp5a1, D), adenosine kinase (Adk, E); the
Ectonucleotidases, ectonucleoside triphosphate diphosphohydrolase 1, (Entpd1, F) and 5’ nucleotidase, ecto, (Nt5e, G);
Adenosylhomocysteinase (Ahcy, H); adenosine deaminase (Ada, /). ATP, Adenosine triphosphate; ADP, Adenosine diphos-
phate; AMP, Adenosine monophosphate; Adn; Adenosine; IC, intracellular; EC, Extracellular; ADK, Adenosine kinase; ADA,
Adenosine deaminase; AdoRs, Adenosine receptors; Ador2a, Adenosine receptor 2a; Xo, Xanthine Oxidase. Each dot in the
graph is a different mouse data. Statistical significance was determined by 1-way analysis of variance followed by Tukey’s
multiple comparisons tests using GraphPad Prism 10 software. ns, nonsignificant, *P < .05, **P < .01, **P < .001.

mechanisms: (1) increased NEC severity in CMV-infected
mice; (2) altered gene expression in CMV-infected murine
enterocytes, with increased immune response and
decreased metabolic activity; (3) CMV infection increases

Tir4 expression and hypomethylation of the Tir4 promoter;
(4) CMV-induced mitochondrial injury exacerbated NEC
severity; (5) mice in which TIr4 had been deleted from the
intestinal epithelium did not exhibit mitochondrial injury
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Figure 10. Adenosine receptor expression in murine CMV-infected newborn mice induced to develop NEC with and
without the adenosine receptor agonist, NECA. (A-D) gRT-PCR expression of adenosine A1 receptor, Adoral (A); aden-
osine A2 receptor a, Adora2a (B); adenosine A2 receptor b, Adora2b (C); adenosine A3 receptor, Adora3 (D) in the ileal tissues
of uninfected (CMV-) and murine CMV-infected (CMV+) mice induced to develop NEC. Each dot in the graph is a different
mouse data. Statistical significance was determined by 1-way analysis of variance followed by Tukey’s multiple comparisons
tests or unpaired t-test using GraphPad Prism 10 software. ns, nonsignificant (P > .05), *P < .05, **P < .01, ***P < .001. Each
dot is a different mouse, n = 5 or more mice.
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Figure 11. Adenosine transporter expression in murine CMV infected mice induced to develop NEC with and without
the adenosine receptor agonist, NECA. (A) An illustration of concentrative nucleoside transporter (CNTs) and equilibritive
nucleoside transporter (ENTSs) on the intestinal epithelial cells. (B-D) gRT-PCR of the expression of Cnt1, Cnt2, and Cnt3 and
(E-H) Ent1, Ent2, Ent3, and Ent4 in the ileal tissues of uninfected (CMV-) and murine CMV-infected (CMV-) mice induced to
develop NEC. Each dot in the graph is a different mouse data. Statistical significance was determined by 1-way analysis of
variance followed by Tukey’s multiple comparisons tests or unpaired t-test using GraphPad Prism 10 software. *P < .05, **P <
.01, P < .001. Each dot is a different mouse, n = 5 or more mice.

and decreasing CMV-induced mitochondrial injury. Collec-
tively, these findings suggest that CMV infection contributes
to NEC severity by enhancing TLR4 signaling and causing

when infected with CMV; and (6) supplementation with the
adenosine receptor agonist NECA reduced NEC severity af-
ter CMV infection by reducing NF-«B nuclear translocation,

NEC
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Figure 12. Adenosine supplementation reverses the effects of CMV infection on the development of NEC in mice. CMV-
infected newborn mice were induced to develop NEC with or without supplementation of the adenosine receptor agonist,
NECA in the formula. (A-D) representative H&E images of terminal ileal sections. (E) gRT-PCR of Tnf. (F-I) Representative
confocal images showing staining for the oxidative-injury marker 3’-nitrotyrosine (3’-NT, green; DAPI blue). (J) Quantification of
3’-NT staining using Imaged software. Each dot in the graph is a different mouse data. Statistical significance was determined
by 1-way analysis of variance followed by Tukey’s multiple comparisons tests using GraphPad Prism 10 software. *P < .01,
***P < .001. Scale bar 50 um.
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In vitro IEC6 LPS treatments
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Figure 13. Exogenous administration of the adenosine receptor agonist NECA reverses CMV-induced aberrant TLR4
signaling in murine CMV-infected cultured enterocytes and newborn mice. In vitro IEC-6 cells: (A-L) Representative
confocal images in cultured IEC-6 enterocytes treated with CMV for 24 hours, and 30-minute pretreatment with NECA (1 ug/
mL) before stimulation with LPS (50 ug/mL, 6 hours) showing NF-«B translocation using anti-p65NF-«B antibody immuno-
staining (NF-«B, green; DAPI, blue; actin, red; A-F) and the reactive oxygen marker (ROS) marker DHE (DHE, red; DAPI, blue;
G-L). (M, N) Violin plots showing the quantification of NF-«B (M) and DHE (N). (O, P) gRT-PCR for Tir4 and Tnf. In vivo C57-BL/6
mice: Newborn mice were infected with murine CMV and treated with LPS (5 mg/kg, intraperitoneally, 6 hours) on Day 7 with or
without cotreatment with the adenosine receptor agonist, NECA (10 mg/kg, intraperitoneally). (Q-V) Representative confocal
images showing staining for the reactive oxygen marker (ROS) marker dye DHE (DHE, red; DAPI, blue) under the indicated
condition. (W) DHE quantification. (X-Z) gRT-PCR of NADPH oxidase activator 1, Noxa?l (X), Tir4 (Y), and Tnf; (2). Statistical
significance was determined by 1-way analysis of variance followed by Tukey’s multiple comparisons tests or unpaired t-test
using GraphPad Prism 10 software. *P < .05, **P < .01, **P < .001. Each dot is a mouse or well; 3 separate experiments. Scale

bar 10 um (A-P), scale bar 50 um (Q-V).

mitochondrial dysfunction, which was reversed with exog-
enous adenosine receptor activation.

One of the central findings of this study is that CMV
infection increases TLR4 expression and causes mitochon-
drial dysfunction in the intestinal epithelium. These

processes seem to be linked to each other, because they
were absent in mice deficient in TIr4. CMV’s negative impact
on mitochondria aligns with prior studies,*** and may
explain its role in various congenital anomalies after in
utero infection. Importantly, the production of ROS because
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Figure 14.Validation of murine CMV infection in IEC-6
cells. gRT-PCR expression of murine immediate early anti-
gen 1 (le1) in IEC-6 48 hours after infection. Statistical sig-
nificance was determined by unpaired t-test using GraphPad
Prism. ***P < .001, each dot is data from a different well (n =
>5 wells per group).

of mitochondrial dysfunction has been linked NEC devel-
opment in mice®***° and humans,*® and this effect may be
more pronounced in premature infants because of their high
energy demands.’” Additionally, CMV was found to increase
TLR4 signaling in murine ilea, partly through hypo-
methylation of the TLR4 promoter, although other mecha-
nisms, including effects on anti-TLR4 pathways, miRNAs,
and TLR4 processing and degradation, may also contribute.

A significant finding of this study is that administration
of an adenosine receptor agonist can reverse CMV-induced
NEC severity in mice, possibly by bypassing virus-induced
mitochondrial defects or inhibiting TLR4 signaling. It is
noteworthy that mitochondrial injury may be linked to
TLR4 signaling, because the induction of ROS has been
shown to be a powerful promoter of TLR4 induction.*®
Although NECA is not currently used in clinical practice,
adenosine is used in cardiovascular disease management.
However, the use of adenosine in premature infants with
NEC warrants caution because of the potential risk of car-
diac toxicity, although such effects were not observed in the
current study. Further optimization may be needed to
enhance NECA’s intestinal-specific properties.

The findings of this study may be considered within the
broader context of research on CMV and NEC. Some studies
support a role for CMV infection in NEC pathogenesis,*’
whereas others,*%*! including a meta-analysis,42 do not
link CMV infection to increased NEC risk. These discrep-
ancies may stem from differences in study populations and
methodologies. Furthermore, the translational impact of the
current work includes the potential benefit of anti-CMV
therapies for pregnant mothers or newborns who have
become CMV infected, to reduce NEC risk. Developing sen-
sitive assays for CMV infection during pregnancy and
screening premature infants for CMV could help identify
high-risk populations and guide feeding or microbial-based
protective strategies.43 However, the risks and costs asso-
ciated with CMV screening must be considered. This study
also highlights the therapeutic potential of adenosine re-
ceptor activation using NECA in mitigating CMV-induced
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NEC, suggesting its broader application even without CMV
infection.

There are several limitations to this study that must be
addressed before applying the findings to humans. First, all
the mechanistic work, including the GSEA and RNA-seq ex-
periments, was performed in mice. Repeating these analyses
in human tissue would provide clearer insights into CMV’s
impact on NEC in humans. Additionally, our focus was pri-
marily on TLR4 signaling in the intestinal epithelium,
although CMV’s effects on immune cells might also be sig-
nificant in NEC pathogenesis. Exploring immune cell
involvement using immune-specific knockout strains, para-
biotic pairings, or adoptive cell transfer could provide
further insights.

In summary, this study identifies CMV infection as a
factor that worsens NEC severity by enhancing TLR4
signaling and causing mitochondrial dysfunction in the in-
testinal epithelium of mice. Furthermore, treatment with the
adenosine receptor agonist NECA can reverse the effects of
CMYV infection on NEC induction by modulating mitochon-
drial function and attenuating TLR4 signaling effects. These
findings provide new insights into the pathogenesis of NEC
and suggest novel approaches to treatment.

Materials and Methods
Study Design

All mice were bred in-house to generate various mutant
mouse lines as approved by the Johns Hopkins University
Institutional Animal Care and Use Committee (protocol
MO023M276) in accordance with the Guide for the Care and
Use of Laboratory Animals and the Public Health Service
Policy on Humane Care and Use of Laboratory Animals and
the ARRIVE guidelines. In genetically modified mouse ex-
periments, all mice were backcrossed at least 8 times with
C57BL/6. Both genders were used in equal ratios in all ex-
periments. A power analysis was performed for each
experiment to detect statistically significant differences at P
< .05; 6-8 animals per group were required. The precise
number of animals evaluated in each group is shown by dots
in each figure. All data points were included for evaluation;
in NEC models, all points were included, and outliers were
included in the statistical analysis and included as raw data
points in each of the figures. All authors had access to the
study data and had reviewed and approved the final
manuscript. Pups at the same gestational age were ran-
domized to each group without bias to size; all genders were
included. All data examination and histologic assessment
were performed on the samples that were blinded to the
study group. The precise number of repeats varies by
experiment and is included in each figure legend.

Mice

C57BL/6] mice (stock no: 000664) and B6.SJL-Tg(Vil-
cre)997Gum/J9 (Stock no. 004586) were obtained from
the Jax labs and bred in-house for multiple generations to
stabilize the microbiota. TLR4 mutant mice either lacking
TLR4 on the IEC (TIr4*"5“) or overexpressing TLR4 on the
IEC on a TIr4™!" background (TIr4°"ER) were generated in
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our laboratory as previously described.”*** All mice were
housed in a specific pathogen-free environment on a 12-
hour-light/12-hour-dark cycle with free access to water
and standard rodent chow (Teklad global 18% protein ro-
dent diets, Envigo). All mice were genotyped before and
after models to verify their correct genotypes.

Antibodies, Reagents, Primers, and Kits

Antibodies included anti-m123/IE1 mCMV antibody
(catalog no. HR-MCMV-12, Center for Proteomics), anti-3’-
NT (catalog no. Ab61392, Abcam), and DHE (catalog no.
D7008, Sigma-Aldrich).

Reagents included LPS from Escherichia coli 0127: B8
(catalog no. L3129, Sigma-Aldrich), 6-diamidino-2-
phenylindole, dihydrochloride (DAPI, catalog no. D9542,
Sigma-Aldrich), and 5’-N-Ethylcarboxamido adenosine (cat-
alog no. E2387, Sigma-Aldrich).

Forward and reverse primers (Table 1) were custom-
designed using National Center for Biotechnology Informa-
tion Primer-BLAST online program and ordered from Inte-
grated DNA Technologies.

Assay kits included RNAeasy Kit (catalog no. 74106, Qia-
gen), QuantiTect Reverse Transcription (catalog no. 205313,
Qiagen), QIAamp DNA Kits (catalog no. 56304), and ATP
determination kit (catalog no. A22066, Molecular Probes).

Infection of Mice with Murine CMV

The mCMV/Murid beta-herpesvirus 1 (ATCC VR-1399)
was obtained from the American Type Culture Collection
(ATCC) and amplified to high titer (~5 x 10° PFU/mL) in
mouse embryonic fibroblasts (ATCC SC-1 CRL-1404). For
mCMV infection in utero and/or at birth, 4 different methods
were used to maximize the effectiveness of infection and to
minimize technical shortcomings. (1) Ultrasound-guided in
utero intrachorionic villi placental injections: Time-pregnant
dams (embryonic day, e17.5) underwent a laparotomy using
aseptic conditions to eviscerate the cervix. Fifty microliters of
mCMV (~10* PFU/mL) were administered directly into the
placenta using the ultrasound-guided backscatter system (Vi-
sual Sonics Vevo 3100LT) as we have described.*® (2)
Ultrasound-guided in utero injection: Amniotic fluids embryos
were directly injected with mCMV (10 PFU in 270 nanoliter
volume/embryo) using the ultrasound-guided backscatter
system (Visual Sonics Vevo 3100LT) of el7.5 days’ time-
pregnant dams as described previously.*® (3) Intraperitoneal
injections in pregnant dams: Time-pregnant dams (embryonic
day, e17.5) were injected with mCMV (10* PFU/mice). (4)
Intraperitoneal injections in newborn mice: Newborn pups
(within 12-24 hours postbirth) were given intraperitoneal
injections of mCMV (10° PFU/mice). In all cases, CMV infection
was confirmed on postnatal days 7-12 using Immediate early
gene (lel) mCMV-specific primers sequence®” listed in Table 1
and immunostaining of ileal tissues.

Experimental NEC in Mice

Experimental NEC was induced in ~ 7-day-old (3- to 3.5-
g body weight) mice as we have previously described and
validated,”® by gavage feeding (40 uL/g body weight, 5
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times daily from 7:00 am to 7:00 pm) infant formula (Abbott
Nutrition): Esbilac (PetAg) canine milk replacer, in a 2:1
ratio, which was supplemented 5 times per day with enteric
bacteria obtained from a stool specimen obtained from an
infant with surgical NEC. In addition, the mice were sub-
jected to intermittent hypoxia (5% 0,-95% N, 10 minutes,
twice daily) in a hypoxia chamber (Billups-Rothenberg).
Age-matched breastmilk-fed pups were used as healthy
control animals. Evaluation of ileal histology and expression
of proinflammatory cytokines by qRT-PCR at a fixed point in
the terminal ileal 2 cm proximal to the cecum was used to
determine the disease severity.

In Vivo LPS Endotoxemia and NECA Treatments
in Mice

Endotoxemia was induced in control, and mCMV-infected
7- to 10-day-old neonatal mice by administering LPS (5 mg/
kg, intraperitoneally, 6 hours), and distal small intestine tis-
sues were harvested for total RNA isolation and immunohis-
tochemical analysis. The adenosine receptor agonist NECA
(0.25 mg/kg/day) was administered by oral gavage as a
cotreatment with each feed on each day of the 4-day model.

Cell and Organoid Culture

Primary intestinal crypt cultures (enteroids) were
generated from the ilea of neonatal (p7-p11) C57BIl/6 mice
and maintained in Matrigel (Corning). Enteroids were
digested and passed using TrypLE Express (Gibco) weekly
and used between passages 3 and 10 for all experiments.
Mice samples were then infected with mCMV (5 x 10° PFU/
mL) for 24-48 hours before their respective experiments.
The small IEC-6 was obtained from ATCC (Manassas, VA)
and maintained in culture in a growth medium consisting of
Dulbecco’s modified Eagle medium (Gibco BRL) supple-
mented with 10% fetal bovine serum (Atlanta Biosciences)
and 4 ug/mL insulin (insulin, human recombinant, zinc so-
lution, Gibco Cat. No. 12585014) in a humidified incubator
maintained at 37°C, 5% CO,. For experimental treatments,
IEC-6 cells were cultured overnight in 12-well plates with or
without coverslips (70%-80% confluent), infected with
murine-CMV (5 x 10° PFU/mL) for 24-48 hours, and treated
with LPS (50 mg/mL) and/or NECA (30 minutes before LPS
treatment, 1ug/mL). For the evaluation of proinflammatory
cytokine expression, cells were treated for an additional 6
hours, RNA was isolated, and qPCR was performed. For
evaluation of NF-«B translocation from the cytoplasm to the
nucleus (as a readout of LPS-TLR4 signaling), IEC-6 cells
that had been infected with mCMV for 24 hours were
treated with LPS (50ug/mL) for 45 minutes, washed in cold
phosphate-buffered saline, fixed for 10 minutes with 4%
fresh paraformaldehyde, blocked with 5% goat serum/0.5%
bovine serum albumin, then immunostained using anti-NF-
kB p65 subunit antibody, and examined by confocal mi-
croscopy. Nuclear NF-kB p65 staining was then quantified
using Image] software as described previously.*’ In brief, a
threshold limit was set to optimize the signal-noise ratio,
and a corresponding nuclear region was defined by sten-
ciling a circular region around DAPI-stained nuclei using the
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wand tracing tool to automatically draw the nuclear area of
interest. Then, nucleus-marked areas were used for NF-«B in-
tensity quantification. The average integrated pixel density
pertaining to the corresponding NF-«B p65 staining within the
nuclear regions was then determined for more than 200 cells
per treatment group in at least 3 replicates. Data were plotted
on a scatter graph depicting the values of each individual cell,
and statistical analysis was performed using Prism 10 software.

Histology, Immunohistochemistry, and Electron
Microscopy

Light and Confocal Microscopy. Freshly harvested in-
testinal tissues were fixed overnight with 4% para-
formaldehyde and processed for paraffin embedding.
Subsequently, 5um tissue sections were cut from paraffin
blocks using a CUT 6062 microtome (SLEE Medical GmbH,
D-55129 Mainz, Germany), overnight air-dried, deparaffi-
nized, and rehydrated for H&E and immunohistochemical
staining. Samples were heated in citric acid buffer (10 mM)
for antigen retrieval (pH 6, 6 minutes, 30% power in a
Samsung 1200-W microwave). Sections were permeabilized
with 0.1% Tween 20, blocked with 5% bovine serum al-
bumin for nonspecific binding, probed with primary anti-
bodies overnight at 4°C, washed, probed with secondary
antibody containing DAPI (Herscht) solution for 1 hour at
room temperature, and mounted using Gelvatol mount
medium. After air-drying, samples were imaged using a
Nikon Eclipse Ti microscope confocal laser microscope
system (Nikon Instruments Inc). Confocal images were
processed using Image] software for fluorescent intensity
quantification or quantification of cells.

Electron Microscopy. Freshly harvested tissues were
fixed in 2.5% glutaraldehyde (0.1M cacodylate buffer, pH
7.4, 4°C, 2 hours), rinsed 3 times in cacodylate buffer,
postfixed in 1% osmium tetroxide buffer for 1 hour at room
temperature, processed through series of dehydration steps
(50%, 70%, 90%, and 100%), followed by a transition to
propylene oxide as an intermediate step before infiltration,
embedded in epoxy resin, and polymerized (60°C, 48 hours)
to form a block suitable for sectioning. Ultrathin sections
(~70 nm) were cut using an ultramicrotome equipped with
a diamond knife, sections were collected on copper grids,
stained with uranyl acetate and lead citrate, and imaged
using a transmission electron microscope operated at an
accelerating voltage optimized for high-resolution imaging
of cellular and subcellular structures. Images were captured
at magnifications ranging from x5000 to x30,000 to examine
the ultrastructural details of the mitochondria.

NEC Severity Assessment

A comprehensive, objective NEC Injury Score was
developed to quantify NEC severity in mice and humans,
that encompasses the key features of NEC injury, and which
integrates the following:

1. Clinical findings seen in mice at necropsy: 0 = normal;
1 = minimal pneumatosis and abdominal dilation, no
diarrhea or vomiting; 2 = significant pneumatosis and
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abdominal dilation, diarrhea, moderate weight loss; 3 =
severe pneumatosis and abdominal dilation, diarrhea
and bloody stools, and significant weight loss.

2. H&E staining: 0 = no injury; 1 = minor-submucosal,
lamina propria separation; 2 = moderate separation
of the submucosa, lamina propria, and edema in
submucosal and muscular layers; 3 = severe separa-
tion of the submucosa, lamina propria, severe edema,
and villous sloughing or loss of villi.

3. Proinflammatory cytokines: 0 = no changes; 1 =
25%-50% increase; 2 = 50%-75% increase; 3 =
>75% increase versus unperturbed control animals.

4. Fluorescent intensity analysis of ileal 3’-NT and/or
DHE immunostaining: 0 = no changes; 1 = <1-fold
increase; 2 = 1.5-2.0 fold increase; 3 = >2-fold in-
crease versus unperturbed control animals.

For human specimens, the NEC injury score is calculated
on the basis of histologic damage, proinflammatory cyto-
kines increase, and 3’-NT staining, using similar scales to
mice, but a maximum score of 9, because clinical informa-
tion was not available.

Quantitative Real-Time PCR

Total RNA was isolated using the RNeasy Mini Kit (Qia-
gen), and complementary DNA was synthesized from 0.5 ug
of total RNA using the QuantiTect Reverse Transcription Kit
(Qiagen) following the manufacturer’s instructions. qRT-
PCR was performed on the Bio-Rad CFX96 Real-Time Sys-
tem with iTaq Universal SYBR Green Mix (Bio-Rad) using
gene-specific primers, which were designed using National
Center for Biotechnology Information Primer-BLAST online
program and ordered from Integrated DNA Technologies as
listed in Table 1. The mRNA expression relative to the
housekeeping gene ribosomal protein large PO (Rplp0) was
calculated using the 27 #“* method as described.””

Mitochondria DNA Damage and Methylation
Studies

Genomic DNA was isolated from control and NEC ileal
tissues using the QIAmp DNA kit. For mtDNA damage as-
sessments, an Optimized mtDNA gPCR primer set along
with Sybr Green master mix reagents using a CFX96 Touch
Real-Time PCR Detection System (Bio-Rad) were used.”’
The short amplicon primer pairs were used to normalize
the mtDNA input, and long primer pairs were used to detect
the mitochondrial lesions. The number of mtDNA lesions
was calculated per 10 kb of mtDNA using an equation as
previously described®?: mitochondrial nicks per 10 kb =
(1-2-(~lone - Sshotyxq 0 kb /fragment length per bp. For
methylation studies, methylation-specific PCRs were per-
formed using forward and reverse methylation-specific
primer pairs (Table 1) designed using the Meth primer
design online program, http://www.urogene.org/cgi-bin/
methprimer/methprimer.cgi and http://www.urogene.org/
cgi-bin/methprimer/methprimer.cgi, using CpG island pre-
diction for primer selection.

101473


http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi
http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi
http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi
http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi

2025

Statistics

All data were analyzed using GraphPad Prism 10

(GraphPad Software). Data were analyzed for statistical sig-
nificance by ordinary 1-way analysis of variance followed by
Tukey multiple comparison test. A 2-tailed unpaired t-test
with Welch comparison was used to compare data from ex-
periments involving 2 treatment groups. A P value of less than
0.05 (95% confidence interval) was considered statistically
significant, and data are presented as means =+ standard error
of the mean. All experiments were performed with at least 3
biologic replicates and at least 3 animals per group. Graphs
show individual animals as dots for each mouse specimen.
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