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models: a review
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and Jasmin Knopf*

Department of Pediatric Surgery, University Medical Center Mannheim, University Heidelberg,
Mannheim, Germany
Necrotizing enterocolitis (NEC) is one of the most devasting diseases affecting

preterm neonates. However, despite a lot of research, NEC’s pathogenesis

remains unclear. It is known that the pathogenesis is a multifactorial process,

including (1) a pathological microbiome with abnormal bacterial colonization, (2)

an immature immune system, (3) enteral feeding, (3) an impairment of

microcirculation, and (4) possibly ischemia-reperfusion damage to the

intestine. Overall, the immaturity of the mucosal barrier and the increased

expression of Toll-like receptor 4 (TLR4) within the intestinal epithelium result

in an intestinal hyperinflammation reaction. Concurrently, a deficiency in

counter-regulatory mediators can be seen. The sum of these processes can

ultimately result in intestinal necrosis leading to very high mortality rates of the

affected neonates. In the last decade no substantial advances in the treatment of

NEC have been made. Thus, NEC animal models as well as in vitro models have

been employed to better understand NEC’s pathogenesis on a cellular and

molecular level. This review will highlight the different models currently in use

to study immunological aspects of NEC.
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1 Introduction

Out of all gastrointestinal disease affecting premature infants, necrotizing enterocolitis

(NEC) is one of the most devasting, resulting in major mortality rates in neonatal intensive

care units (NICUs). More specifically, NEC is considered to be the leading cause of death in

preterm infants born before 29 weeks of gestation at 28–60 days postpartum. Neonates

most affected by the disease are those with a birth weight of less than 1500 g, where the

incidence lies between 3-15% (1–3).

Despite intensive research, NEC’s pathogenesis has remained unclear. However,

research suggests the process to be multifactorial. One key player seemingly involved in

the development of NEC is the immature immune system of preterm neonates, which has
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been identified to lead to an uncontrolled, excessive immune

response and sepsis reaction after initial pathogen contact (4). For

NEC onset in particular, the combination of (1) an immature

gastrointestinal tract with (2) a pathological microbiome

involving an abnormal bacterial colonization (5), combined with

(3) an immature immune system is hypothesized to result in an

increased expression of TLR4 within the intestinal epithelium. This

in turn has been shown to lead to an excessive secretion of pro-

inflammatory mediators (6). Simultaneously, due to the immaturity

of the immune system in neonates developing NEC, a deficiency in

counter-regulatory mediators has been observed, which ultimately

results in an inflammatory milieu. Moreover, increased apoptosis of

enterocytes and impaired healing of the affected mucosa, combined

with an increased intestinal permeability and a reduced blood flow

within the intestinal tissue lead to ischemia, which contributes to

tissue damage and necrosis (5, 7, 8).
1.1 Risk factors

Because NEC’s pathogenesis is proposed to be of multifactorial

nature, certain risk factors have been identified, which favor the

formation of NEC. The main risk factors are as follows:

1.1.1 Prematurity
Clinical data suggests that NEC is associated with prematurity

of the affected neonate. Although the intestinal tract completes its

development early during embryogenesis, it has not completed

maturing until term gestation (9–11). In fact, prematurity is the

most critical risk factor for NEC development, as preterm born

neonates have an immature intestinal barrier and immune system.

Moreover, neonates born preterm tend to exhibit poor gut motility

making them particularly susceptible to bacterial translocation (12,

13). As preterm neonates express higher levels of TLR4 in the

intestine compared to term-born neonates, a dysregulation of the

immune system may lead to extensive mucosal injury due to an

intestinal hyperinflammation reaction and enterocyte apoptosis, as

observed in patients with NEC (14, 15).

1.1.2 Dysbiosis
It is known that the intestinal microfilm plays an essential role

in gut homeostasis and protection. Therefore, dysbiosis of such has

been shown to be an important factor in the pathogenesis of NEC.

The origin and development of the neonate’s gut microbiome are

still under investigation. However, there is evidence that the

microbiome of neonates is determined by (1) the mother’s

microbiome, (2) the mode of delivery, (3) enteral nutrition, as

well as (4) the postnatal environment (16). With regards to NEC

development, studies have demonstrated a dysbiotic shift in the gut

microbiota prior to the onset of NEC, with an increase in

Proteobacteria and a decrease in Firmicutes and Bacteroidetes

(17). In line with these findings, the administration of antibiotics,

which is known to influence the gut’s microbiome negatively, has

also been shown to increase the risk for NEC development (18).

Even though, the exact mechanism by which the microbiome
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influences gut health and how this might lead to NEC onset is

not well understood, it is believed that the combination of (1) an

immature gut, (2) limited absorption and digestive capacity, (3) a

dysbiotic microbiome, and (4) delayed intestinal motility results in

an intestinal environment that is characterized by bacterial

overgrowth and fermentation (19) as well as an impaired mucosal

barrier (20) in preterm infants.

1.1.3 Formula feeding
Enteral feeding has been shown to be a critical risk factor for the

development of NEC. Breast milk contains different components,

which are important for the immune system development of the

preterms. These immunomodulating components are lacking or

present in lower quantities in formula milk. Consequently, infants

who are formula-fed may have a higher susceptibility to NEC

compared to those who are breastfed (21).

1.1.4 Maternal conditions
The maternal-fetal connection plays also a crucial role in NEC

development and can influence the NEC risk and severity. Studied

have found an association between maternal hypertension and

preeclampsia. This can lead to placental abruption and fetal

hypoxia, both of which increase the risk of NEC. But bacterial

infections in utero play a role in the development of NEC (22, 23).
1.2 Prevention of NEC

Breast milk contains various bioactive components such as

Immunoglobulins (Ig), cytokines or antimicrobial factors, which

play a crucial role in the infant’s immune system development and

defense against infections. Especially maternal IgA has shown to

shapes the host-microbiota relationship of preterm infants (24).

Breast milk not only include IgA, but also human milk

oligosaccharides (HMOs). HMOs are structurally complex

glycans and abundant in milk with different concentrations

varying based on the stage of lactation. They are metabolized by

different intestinal bacteria and play a beneficial role in preventing

NEC. They enhance host defense, modulate immune cell function

and improve the integrity of the intestinal barrier (25–27).

Aryl hydrocarbons receptors (AHR) are widely expressed in

immune cells and non-immune cells. Their regulation is correlated

with maintenance of homeostasis. AHRs also regulate the intestinal

barrier and immune cells. Therefore, they possess anti-inflammatory

properties. A deletion of AHRs exacerbated intestinal inflammation

in mice. It was also reported that an increased expression of AHRs

can reduce the secretion of pro-inflammatory cytokines in NEC and

thus the NEC-induced intestinal damage. The AHR ligand indole-3-

carbinol (I3C) as well as breast milk can activate AHRs. I3C are

derived from different vegetables and can be used for dietary

supplementation against NEC. A study showed that the activation

of AHRs during pregnancy can protect newborns against NEC. This

protective mechanism can also reduce TLR4 signaling (28, 29).

Blood perfusion studies cannot be used for the prevention but

for the early detection of NEC by focusing on the blood flow
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dynamics in the intestine. This is helpful to indicate the severity of

NEC or monitor the progress since impaired blood perfusion is a

significant factor contributing to NEC pathogenesis. There are three

methods commonly employed to measure the blood flow: Doppler

ultrasound, near-infrared spectroscopy and laser-doppler

flowmetry (30–32).

Another way to prevent NEC could be the inhibition of TLR4,

as it plays an important role in the pathogenesis of NEC. Inhibition

of the receptor could reduce the multifactorial inflammatory

process. Several inhibitors are already known, but none is used

for clinical treatments yet. Inhibitors can be peptides (33),

oligosaccharides (34) or small molecules (35) but amniotic fluid

(36) can also inhibit TLR4.
2 NEC models

To date, preclinical models studying NEC have focused on

animal models in order to improve the understanding of the disease

on a cellular and molecular level (16, 37, 38). Animal models over

the decades have employed mice, rats, quails, rabbits, pigs, and

baboons. Out of these research subjects, mice, rats and piglets have

proven the most widely used animal to study NEC. However, as

each model has advantages as well as disadvantages results obtained

solely from animal models can only mimic NEC (37) and findings

often prove difficult to translate to human subjects. As such, other

non-animal NEC models have been developed like organoids.
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Organoids are derived from cultured intestinal and pluripotent

stem cells (39, 40) and are self-organized 3D-structures that mimic

the properties and physiological characteristics of the intestinal

epithelium (41). Therefore, there is the anticipation that organoids

may close the gap between animal and human NEC models, aiding

in the translation from bench-to-beside.

In this review, we have focused on current immunological

aspects involved in the NEC pathogenesis while identifying the

different models employed to study NEC.
2.1 Animal models for NEC research

Despite the development of different animal NEC-models, with

different methods to induce NEC, no one model is superior, as each

model has their advantages and disadvantages (Table 1). The most

common model is the Hypoxia Hypothermia Formula model

(HHF). This model can be used to study combined effects as it

closely mimics multiple risk factors for NEC. For this, the pub is

exposed to brief periods of hypoxia and hypothermia combined

with formula feedings for several days. The Hypoxia Formula model

(HF) is a two-component model without hypothermia to induce

NEC. This model can offer more consisting results in NEC

manifestation, as is has fewer variables for NEC induction. The

Formula Feeding model (FF) can be used to study the influence of

formula diet, the main risk factor of NEC. The models can be

modified and improve by adding components such as LPS or other
TABLE 1 Advantages and disadvantages of different methods to induce NEC in animals.

Model Advantages Disadvantages References

HHF • Multiple-hit approach: disrupts the protective mucosal
barrier, alters the microbiota environment for dysbiosis
• Uses known clinical risk factors

• Animals develop intestinal damage at different time
points
• Gavage feeding of newborn mice
• Comparison of histology and enzyme ontogeny shows
that newborn mice resemble human fetuses at 16 weeks’
gestation, which is developmentally less mature than the
age at which humans develop NEC
• Hypoxia and hypothermia are big stressors

(16, 37, 42)

HF • Less stressful, hypothermia is omitted
• Uses known clinical risk factors

• Gavage feeding of newborn mice
• Comparison of histology and enzyme ontogeny shows
that newborn mice resemble human fetuses at 16 weeks’
gestation, which is developmentally less mature than the
age at which humans develop NEC
• Hypoxia is a big stressor
• Loss of hypothermia influence

(16, 37, 42)

FF • Good to study different components of formula or
hyperosmotic formula

• Gavage feeding of newborn mice
• Comparison of histology and enzyme ontogeny shows
that newborn mice resemble human fetuses at 16 weeks’
gestation, which is developmentally less mature than the
age at which humans develop NEC

(16, 37, 42)

TNBS • Non-specific immunological stimulant
• Accurate mapping of the time course of intestinal
damage from the time point of TNBS administration
• The induced cellular inflammatory response resembles
surgically harvested tissue samples from NEC
• Requires the presence of intestinal microflora
• Administration of weight-normalized dose may facilitate
the study of developmental aspects of NEC

• Different inflammatory processes in neonatal and adult
mice
• Inflammatory induction mechanism is not clear

(43, 44)

(Continued)
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bacterial components to the formula diet to support the NEC

induction in the models and increase the severity in the animals.

Nevertheless, translation of findings from NEC animal models

to human neonates remains problematic. This may be due to

differences in the development of the small intestine (48), as well

as differences of the animal’s immune system in comparison to

neonates (49). Thus, only partial aspects of the NEC disease process

can be examined using NEC animal models. The individual models

and their use are discussed in more detail in section 3.
3 Immunological aspects of different
animal models for NEC

One of the major risk factors for NEC development is the

immaturity of the immune system of the preterm born neonate.

Specifically, an array of different cells and mediators of the innate

and adaptive immune systems have been implicated with NEC

development (49). On one hand, the innate immune system acts as

a first line defense against potential pathogens. Not only does it

make up a physical barrier against microbial entry, but it also

mobilizes various types of immune cells and mediators for a rapid

response against infectious agents. On the other hand, the adaptive

immune system responds to highly specific antigens via different T

cells and B cells.

So far, with respect to the immune system and NEC development,

various mouse lines, rats, piglets, and baboons have been employed to

study different aspects of NEC pathogenesis. A summary regarding the

various animal models and their immunological features can be found

in the following paragraphs and Figure 1. Additionally, an overview of

the different experimental setups of the models used to study the

immunological aspects can be found in the Supplementary Material.
3.1 Hypoxia hypothermia formula (HHF)

The first animal model for NEC research was described in 1974

(50). After birth, rat pubs were contaminated by receiving an oral

saline suspension containing Klebsiella organisms shortly after

birth. Additionally, mothers were contaminated transvaginally
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using a plastic tube containing a Klebsiella solution 24 hours

before the expected birth. Hypoxia was produced using a plastic

bag. Animals were enclosed in a plastic bag once daily for 3-5 min

until they were flaccid, cyanotic, and gasping. This model was

further intensified by hypothermia. In this process, the pups were

cooled, resulting in lower intestinal blood flow and ischemia. This

model was therefore called the HHF (Hypoxia Hypothermia

Formula) model. Years later, Caplan et al. introduced bacterial

pathogens into the formula given to newborn rats. This resulted in a

NEC-like intestinal injury, highlighting the critical role of

pathogenic bacterial colonization in the development of NEC

(51). The HHF model was also adapted to mice with different

variations of the bacterial pathogens administered.

3.1.1 Cells of the innate immune system studied
with the HHF model

To examine the role of macrophages in NEC, MohanKumar

et al. used the HHF mouse model in 2016 to investigate Smad7,

which plays a role in regulating inflammation and immune

response. The researchers aimed to better understand how

macrophages contribute to the development and progression of

NEC, particularly through the modulation of Smad7 signaling

pathways. They showed that the activation of macrophages

resulted in increased Smad7 expression during NEC, especially in

areas with severe intestinal tissue damage and high bacterial load.

Thereby, increased expression of Smad7 resulted in suppressed

transforming growth factor ß (TGF-ß) signaling and increased NF-

kB and cytokine production. This in turn was shown to promote the

inflammatory processes observed in NEC (43).

In 2021, another study conducted by Xia et al. focused on the

role of intestinal macrophages and TNFa. In this study, which also

made use of the HHF mouse model, an increased number of M1

macrophages was found in NEC tissue. This goes hand in hand with

an increased expression of CD68, iNOS, and TNFa and a

suppressed c-kit expression through TNFa-mediated upregulation

of miR-222. This leads to an increased inflammatory response.

What is of particular interest is the fact that the inhibition of M1

macrophages, TNFa or miR-222 during the early phase of NEC

development could be a potential therapeutic strategy for the

treatment of NEC (52).
TABLE 1 Continued

Model Advantages Disadvantages References

• Murine neonatal TNBS-mediated intestinal injury
activates transcriptional profiles that strongly resemble
human NEC.
• Good for macrophage research

PCD • For mature Paneth cells, mice must be around 14-16
days old (no neonatal mice)
• No gavage feeding

• Focus on Paneth cell as NEC -like inflammation trigger. (42, 45, 46)

DSS • Absence of stressors like hypoxia and/or hypothermia
• Short time until first mucosal change after DSS
application
• Humoral and cellular immune response

• No NEC, just NEC-like-mucosal-tissue injury (47)
HHF, hypoxia-hypothermia-formula feeding; HF, hypoxia-formula feeding; FF, formula feeding; TNBS, trinitrobenzene sulfonate; PCD, paneth cell disruption; DSS, dextran sodium sulfate.
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3.1.2 Pattern recognition receptors (PRR) studied
with the HHF model

The HHF model is one of the most commonly used animal

models to study toll-like receptors (TLR). Jilling et al. focused on the

role of bacteria and TLR4 in a rat and mouse HHF model. Overall,

they were able to demonstrate that bacteria play a crucial role in the

pathogenesis of NEC and that an increased expression of TLR4 in

intestinal epithelium seemed essential for NEC development (53).

Following these results, Le Mandat Schultz et al. evaluated the

specific intestinal epithelial expression of TLR using a HHF rat

model. Their study suggested an interaction between TLR and

intraluminal bacteria and/or bacterial products, in that TLR4 and
Frontiers in Immunology 05
TLR2 were activated and abnormally upregulated on intestinal

epithelial cells. This ultimately lead to the expression of other

inflammatory mediators and NEC (54).

A HHF rat model was also employed to examine the potentially

protective effect of glutamine and its possible association with TLR4

and TLR2 in NEC. Based on the knowledge that TLR is increasingly

expressed in the intestinal mucosa during NEC, this group showed

that glutamine significantly reduced mucosal damage while

suppressing the expression of TLR2 and TLR4 (55).

Using a HHF mouse model, mRNA expression and interplay of

TLR4 and TLR9 in intestinal tissue were investigated (56).

Interestingly, the results showed that TLR4 expression was
FIGURE 1

NEC pathogenesis. In animal NEC models, NEC can be induced via different methods. In neonates that go on to develop NEC, a shift of the
microbiome into a dysbiosis during the inflammatory progress takes place. This dysbiosis can be pronounced through formula feeding, which
together might activate the TLR dependent inflammatory process. Activation of the TLR pathway leads to the release of pro-inflammatory cytokines,
which in turn recruit immune cells from blood. Concurrently, the inflammatory process results in a loss of epithelial barrier function, apoptosis, and
necrosis of intestinal tissue, resulting in potential bacterial penetration from the gut into the blood, ultimately leading to sepsis. IEC, Intestinal
epithelial cells; TLR, Toll-like-receptor; Treg, T-regulatory cell; M1, pro-inflammatory Macrophages.
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significantly higher whereas TLR9 expression was significantly

lower in mice with induced NEC. This counterplay seems to play

a crucial role during the inflammatory process observed

during NEC.

A newer study examined the role of necroptosis as intestinal

epithelial cell death and consecutive barrier dysfunction has been

shown to facilitate NEC pathogenesis. Overall, they were able to

show that TLR4 expression, as well as necroptotic proteins like

mixed lineage kinase domain-like (MLKL) and receptor interacting

protein kinase 1 and 3 (RIPK1, RIPK3) were significantly

upregulated in NEC models (57).

In the same year, Huang et al. focused on MD2 inhibition as a

potential way to counter the excessive expression of TLR4 during

NEC. Their results suggest that MD2 might be a potential treatment

for reducing the incidence of NEC, as it had an inhibiting effect on

TLR4 expression in the animal model (58).

One of the newest studies investigated astaxanthin as a potential

therapeutic measure to attenuate NEC. Astaxanthin is a naturally

occurring carotenoid pigment with anti-inflammatory effects and

antioxidant properties. Astaxanthin improved gut tissue health in

NEC rats by reducing inflammation, oxidative stress, and apoptosis.

In doing so, it increased NOD2 activity and suppressed TLR4

signaling. Overall, astaxanthin showed a potential as a therapeutic

agent to alleviate NEC-related complications (59).

3.1.3 Inflammatory mediators studied with the
HHF model

Inflammatory mediators are produced and secreted by various

cells of the immune system in response to infections, injury, or

other stimuli. They play an important role in initiating and/or

resolving inflammations in the human body. They can recruit other

immune cells and coordinate the body´s response against an

infection or after an injury.

IL-6, as a pro-inflammatory mediator, plays a significant role

during NEC pathogenesis. Yarci et al. studied this cytokine using

the HFF model in newborn rats in 2021. They were able to report

that treatment with tocilizumab, an antibody that blocks IL-6

mediated signaling, led to an decreased expression of the

inflammatory profile during NEC (60).

Another study investigated the role of IL-10, an anti-

inflammatory mediator, that has been shown to play a role in

epithelial integrity and modulation of the immune system.

Therefore, its potential protective role in NEC was studied using

newborn mice and rats. The study demonstrated that severe

morphological and histological changes occurred in mice lacking

IL-10. These were manifested by increased apoptosis of the

epithelium, decreased localization of junctional adhesion

molecule-1, and increased expression of inducible nitric oxide

synthase in the intestine. Thus, IL-10 can be presumed to play a

protective role in the pathogenesis of NEC (61).

To examine the effect of TNFa on the inflammatory response

during NEC, immunoneutralizing TNFa studies using selective

antibodies were performed (62). Firstly, Etanercept, a

recombinant dimer of the TNFa-receptor protein and therefore a

TNFa antagonist, was examined. The results of the study suggest
Frontiers in Immunology
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that Etanercept has a positive effect on antioxidative enzymes in

tissues and, in addition, attenuated intestinal tissue damage by

reducing inflammation. (63).

Second, Infliximab, an inhibitor of TNFa, was investigated as a

potential treatment for NEC. As Infliximab binds to TNFa with a

high affinity and specificity, administration of Infliximab in the rat

model resulted in a reduction of intestinal damage and apoptosis. In

addition, Infliximab showed intestinal protective effects (64).

To assess the role of NF-kB in NEC development, De Plaen

et al. studied the selective inhibition of NF-kB in the neonatal rat

intestine in 2007. Three different objectives were investigated in this

study. First, the developmental regulation of NF-kB activation and

inhibitory proteins IB in the neonatal rat intestine. Second, the

alteration of NF-kB activity in experimental neonatal NEC. Third,

the effects of selective NF-kB inhibition on NEC incidence. Overall,

the authors were able to demonstrate that NF-kB is persistently

active during NEC in the rat model and that this overactivity could

have a detrimental effect on intestinal tissue (65).

With respect to the previously summarized study by DePlaen

et al., a more recent study focused on the inhibition of NF-kB
activation. The study shows that NF-kB activation in Ly6c+

monocytes plays a critical role in the promoting intestinal

inflammation and therefore in the development of NEC. Deletion

of NF-kB in lysozyme M-expressing cells prevented activation,

recruitment, and differentiation of monocytes in the neonatal gut,

resulting in improved survival and reduced severity of NEC in mice.

These results suggest that targeting the early recruitment of

monocytes in the intestine may be a promising strategy to

prevent NEC-related intestinal injury (66).

Lu et al. investigated platelet-activating factor (PAF) and the

plasma form of platelet-activating factor acetylhydrolase (PAF-

AH), an enzyme which inactivates PAF and their role during

NEC in 2010. To study the role of the enzyme, genetically

modified mice lacking PAF-AH were used to investigate their role

in NEC using the HHF model. Deletion of PAF-AH reduced early

mortality associated with bacterial load and asphyxia. However, the

surviving mice had a significantly higher incidence of NEC and

increased expression of pro-inflammatory mediators compared to

wild-type mice. These results suggest that endogenous PAF-AH

protects against NEC and that deficiency of this protein, which is

characteristic of preterm infants, increases the risk of developing the

disease (67).

Another study using the HHF model and examining PAF and

its expression in different organs during NEC pathogenesis was

conducted by Wang et al. In 2020. The study revealed that even

though PAF is known to play a key role in the NEC inflammation

process, inflammatory damage not only was seen within the

intestine, but also outside of it in organs such as the lung, liver,

and kidneys on different days during NEC induction. The degree

and timing of inflammation, injury, and repair varied depending on

the type of organ. However, overall it was described that organ

repair was greatest on day 4 after NEC induction. In addition,

secondary damage of varying degrees was found in the colon,

terminal ileum, lung, liver and kidney, which was caused by

inflammatory mediators originating from the NEC (68).
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3.1.4 Stem cells in NEC studied with the
HHF model

Lastly, stem cell therapy involving in tissue repair and inhibiting

inflammation seems to be a promising treatment option for NEC.

Chen et al. also used the rat HHF model in 2020 to research the

therapeutic effect of bone-marrow-derived mesenchymal stem cells

(BM-MSCs) by enhancing their paracrine effect by silencing propyl

hydroxylase 2 (PHD2). He used bone marrow-derived

mesenchymal stem cells (BM-MSCs) with PHD2-knocked out

and transferred it as PHDMSC-conditioned medium (PHDMSC-

CM) into the rat model and investigated the effect of the medium on

NEC. Summing up, Chen et al. demonstrated that treatment with

PHDMSC-conditioned medium (PHDMSC-CM) resulted in less

intestinal damage and thus reduced NEC incidences (69).

An Overview of the different animal models and methods used

in the HHF can be found in the Supplementary Table 1.
3.2 Hypoxia formula (HF)

NEC induction using the hypoxia formula (HF) model is

accomplished by exposing the subjects to hypoxia and formula

feeding. Thus, in comparison to the HHF model, hypothermia is

omitted. As a result, the HF model is considered to be less stressful

for the subjects in the study. Using the HF method, different

formula types, as well as LPS, with consequent bacterial

colonization, can be used to induce NEC-like injury.

3.2.1 Cells of the innate immune system studied
with the HF model

With respect to the role of neutrophils in NEC pathogenesis, a

2018 study by Vincent et al. focused on the role of neutrophil

extracellular traps (NETs) in NEC, revealing that the formation of

NETs plays a crucial role in NEC pathogenesis. Through the

inhibition of Protein Arginine Deiminase 4 (PAD4), a histone-

modifying enzyme fostering chromatin decondensation and

thereby NET formation, NEC manifestation was prevented. Thus,

the study was able to show the importance of NETs formation in

NEC pathogenesis in mice. Additionally, the study suggested that

C57BL/6J mice may not be the most suitable animal model for NEC

research with respect to neutrophils, as neutrophil levels in humans

are more than twice as high as in C57BL/6J mice (49).

Therefore in 2020, in order to allow for a better NEC

manifestation and neutrophil examination using the HF model,

Klinke et al. developed a murine NEC model that resembles human

neutrophil levels more closely. In this model, Granulocyte colony-

stimulating factor (G-CSF) was administered to the test subjects to

stimulate granulocyte production in the bone marrow, thereby

increasing peripheral neutrophil levels (70).

In 2011, Maheshwari et al. also made use of the HF model to

research the role of macrophages in NEC.The role of non-

inflammatory macrophages was investigated in the context of

incomplete differentiation in the preterm intestine and TGF-ß

expression due the inflammatory process in NEC. In the human

preterm intestine, macrophages exhibit an inflammatory cytokine
Frontiers in Immunology 07
profile. However, production of cytokines by macrophages in the

developing intestine is suppressed by TGF-b, particularly the TGF-
b2 isoform. Therefore, administration of TGF-b2 by enteral

supplementation showed beneficial mitigation of experimental

NEC in mice (71).

3.2.2 Pattern recognition receptors studied with
the HF model

The HF mouse model has been used extensively to study TLR4

signaling mechanisms.

In 2010, Sodhi et al. employed the HF model to research TLR4

and its inhibitory effect on enterocyte proliferation. The study group

was able to demonstrate that activation of TLR4 seemed to impair

proliferation of (1) enterocytes in the ileum of newborn mice and

(2) intestinal epithelial cell 6 (IEC-6) enterocytes. As this effect has

been shown to be mediated by activation of GSK3b and degradation
of b-catenin, the investigators concluded that NEC is associated

with a decrease in b-catenin expression and increase in mucosal

GSK3b expression. In line with these findings, inhibition of TLR4

signaling is known to reverse inhibition of b-catenin signaling and

as a result restores enterocyte proliferation (72).

Two years later, the same group focused on TLR4 and Notch

signaling pathways, as well as their influence on goblet cell

differentiation. It has been shown that absence or deletion of

TLR4 can protect against NEC in mice. The study was able to

demonstrate that protection against NEC is associated with

enhanced differentiation of goblet cells in the small intestine,

which in turn is mediated by suppressed Notch signaling. In the

HF mouse model for NEC induction, TLR4 signaling via the Notch

pathway has been shown to be increased in NEC, resulting in

decreased numbers of goblet cells. Concluding, Sodhi et al. were

able to prove that TLR4 expression affects goblet cell differentiation

independently of the intestinal microbiome. Therefore, TLR4

signaling and the Notch pathway play a crucial role in the

development of NEC and the regulation of goblet cell

differentiation (73).

A more recent study focused on enteric glia loss and

exaggerated TLR4 signaling during NEC. This study was able to

demonstrate that loss of enteric glia in the preterm intestine

contributes to the development of NEC, as mice lacking TLR4 on

enteric glia were protected from NEC. In addition, neurotrophic

factor (BDNF) released from enteric glia prevented TLR4 signaling

and thus is proposed to possibly prevent NEC. Therefore, it is

suggested that BDNF could be explored as a potential drug to treat

NEC (74).

Not only the role of the TLR4 in NEC pathogenesis was studied

with the HF model, but also the inhibition of TLR4 activation to

reduce NEC. In 2012, NEC was induced via hypoxia and formula in

neonatal mice. In this study they showed that amniotic fluid can

inhibit TLR4 signaling within the intestine. They identified EGF as

an important ligand in the amniotic fluid for the inhibition of

TLR4 (36).

In 2021, Sodhi et al. focused on the human milk fucosyllactose

(FL) oligosaccharides 2’-FL and 6’-SL. They directly bind to TLR4

and inhibited the activation of the receptor as shown in neonatal
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mice and piglets. NEC development was reduced in both HF animal

models (26).

Counteracting TLR4’s promotion of NEC is NOD2. As such,

Richardson et al. used a HF model to research the inhibitory effect

of NOD2 on TLR4 during NEC pathogenesis in 2010. The results of

this study suggest that NOD2 activation inhibits TLR4 expression in

enterocytes and abrogates TLR4’s deleterious effects on intestinal

mucosal injury and repair. Additionally, the activation of NOD2

seemed to reduce enterocyte apoptosis and attenuate the severity of

NEC. Concluding, an inhibitory interaction between the TLR4 and

the NOD2 signaling pathway in enterocytes seems to exist (75).

3.2.3 Inflammatory mediators studied with the
HF model

NF-kB and resulting inflammatory mediators have also been

studied using the HF model.

The first study to be reviewed for this analysis is by Rentea et al.,

whose aim was to investigate early temporal expression of NF-kB in a

neonatal rat model. Overall, the study was able to show that a rapid

translocation and transcription of NF-kB shortly after initiation of

enteral feeding takes place. In fact, an early inflammatory response

was detected within the first hours after feeding, which is proposed to

lead to persistent inflammation and potentially initiating the

development of full-blown NEC. Summing up, NF-kB activation

seems to play a key role in triggering inflammation in the early phase

of NEC, thus leading to increased expression of proinflammatory

proteins, before any detectable histological NEC damage (76).

In the same year oral administration of TGF-ß1, which is shown

to inhibit NF-kB, was tested as a potential treatment for NEC. Here,

oral administration of TGF-ß1 reduced the incidence of NEC

through direct immunosuppressive effects on the intestinal

epithelium due to its anti-inflammatory effects. Additionally, the

effects of TGF-ß1 are associated with a decrease in pro-inflammatory

mediators, such as interleukin-6 (IL-6) and IFN-g (77).
With regards to interleukin influence on NEC, IL-22 and IL-12

were studied using the HF model. The effect of anti-inflammatory

mediator IL-22 on NEC disease severity was assessed by Mihi et al.

in 2021 through the exogenous administration of IL-22. Their

results suggest that IL-22 administration protects the mucosal

barrier and promotes regeneration of intestinal epithelial cells in

mice with NEC. Even more, treatment with IL-22 did not affect the

composition of the intestinal microbiome (78).

Regarding IL-12’s effect on NEC, Nadler et al. employed a rat

HF model in 2000, as rats with NEC are considered to be more

similar to human NEC patients. In rats that underwent the HF

paradigm for NEC, a reduced IL-12 expression, as well as increased

iNOS mRNA and enterocyte apoptosis in the intestinal ileum were

found. As a result of peroxynitrile produced during NEC formation,

enterocyte apoptosis and increased intestinal permeability were

investigated (79).

3.2.4 Components of the adaptive immune
system studied with the HF model

The adaptive immune system is a defense system that provides

specific and long-lasting protection against pathogens. It involves

specialized cells like T and B cells, which recognize and respond to
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antigens. Through memory formation, it enables a faster and

stronger response upon re-exposure to the same pathogen with

antibodies, crucial for fighting infections and preventing

disease recurrence.

Multiple studies have been conducted to assess components of

the adaptive immune system on NEC pathogenesis using the HF

model to induce NEC. The main focus of these studies is the

overlying effect of regulatory T cells on NEC development.

Since it is known that NEC is associated with a low regulatory T

cell (Tregs) to effector T cell (Teffs) ratio, Schulz et al. investigated

the effect of HO-1 (heme oxygenase-1) on the T cell ratio using the

HF mouse model for NEC induction. In this study, HET mice, a

genetically diverse model, undergoing the HF NEC induction

paradigm, demonstrated increased intestinal damage and a

decreased ratio of Tregs to Teffs. Moreover, expression of genes

involved in pattern recognition and neutrophil recruitment were

increased in HET pups after NEC induction. Overall the study

suggests that HO-1 modulates the ratio of Tregs found within the

lamina propria during phases of inflammation and contributes to

the protection of the intestine (80).

Another study focused on CCR9+ IL-17+ Treg cells, a subset of

regulatory T cells that express both CCR9, a receptor, and IL-17 in

both humans and mice with NEC. It was shown that mice and

neonates with NEC had a higher proportion of CCR9+ CD4+ T cells

in their peripheral blood than the control. The CCR9+ CD4+ T cells

identified in the study were primarily CCR9+ IL-17-producing

regulatory T cells (Tregs). The presence of IL-6 was found to

promote the differentiation of CCR9+ Tregs into CCR9+ IL-17-

producing Tregs, indicating a role for IL-6 in driving this

polarization process. This suggests that IL-6-mediated

polarization of CCR9+ Tregs into IL-17-producing Tregs

contributes to the severity of NEC (81).

One year later, the same group studied the effect of melatonin

administration on NEC in mice. Upon NEC induction and

treatment with melatonin, it was shown that melatonin affects

NEC by influencing the Th17/Treg balance in the intestine. More

specifically, melatonin seems to block the differentiation of

pathogenic Th17 cells while simultaneously causing an increase in

the number of protective Tregs in vitro (82).

As shown in the previous section, the balance of Treg and

inflammatory (Th17) CD4+ T cells (Treff) is of great importance in

the development of NEC. The importance of this balance was also

demonstrated by Egan et al. in 2015 by showing that TLR4 mediates

increased polarization toward proinflammatory Treff cells and

reduces Treg cells. This results in a shift of CD4+ Tregs toward a

deleterious Th17 population leading to the severe intestinal

inflammation characteristic of NEC (83).

The importance of a well-balanced lymphocyte concentration

within the intestinal mucosa with respect to NEC was also the focus

of the following study by Niño et al. in 2017. The authors hyposized

that the administration of all-trans retinoic acid (ATRA) improves

the incidence and severity of NEC by restoring the balance of T

cells. The results of this study suggest, that ATRA modulates the

imbalance between Treg and Treff and, as a result, promotes Treg

expression. It significantly impairs proliferative capacity and

mucosal healing. This lymphocyte balance seems to protect the
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intestinal crypt-based stem cells in mice by promoting the

repopulation of these cells, while an increase in Th17 cells and a

depletion of Tregs leads to increased apoptosis (7).

In 2007, Leaphart et al. focused on the relationship between

enterocyte migration and IFN-g. Key findings include that IFN-g
inhibits enterocyte migration by interfering with gap junction

communication, particularly through connexin 43-mediated

pathways that are critical for mucosal healing and enterocyte

movement. Additionally, there appears to be a link between IFN

release and decreased connexin 43 expression in NEC pathogenesis.

In IFN(-/-) mice it could therefore be shown that depletion of IFN

led to restored connexin 43 expression and improved intestinal

restitution (84).

An overview of the animal models and HF NEC induction

paradigms are summarized in the Supplementary Table 2.
3.3 Formula feeding (FF)

The FF model for NEC induction was developed to study the

influence of various formula feeds and at the same time have the

possibility to spike them with different bacteria or products

of bacteria.

3.3.1 Cells of the innate immune system studied
with the FF model

As it has been the case in the previous two models described, the

FF NEC induction model has also been used to study macrophages

and neutrophils.

One particular study induced NEC in mice via FF with the

addition of Cronobacter sakazakii to the formula, a gram-negative

bacterium which has been associated with clinical outbreaks of

NEC. This model ultimately was used to explore the role of

macrophages and neutrophils in the pathogenesis of NEC by

depletion of these cells via Gr-1 antibody and carrageenan

injection. Their absence leads to increased recruitment of

dendritic cells (DCs), a higher bacterial load and increased

production of pro-inflammatory cytokines. They also showed,

that the depletion of neutrophils and macrophages in infected

mice resulted in a severe inflammation of the intestine (85).

3.3.2 Pattern recognition receptor studied with
the FF model

In 2021, Kovler et al. used also a piglet FF model to research

TLR4 mediated enteric glia loss during NEC development. The

piglet model was used confirm the findings seen in mice. The

outcomes of the study are summarized in the FF model section (74).

3.3.3 Components of the adaptive immune
system studied with the FF model

Using the FF model for NEC induction, the importance of

dendritic cells in NEC pathogenesis was investigated by Emami

et al. in 2011. This study showed that the interaction between the

outer membrane protein A (OmpA)+ Cronobacter sakazakii and

DCs plays a critical role in the development of NEC. In 2011,
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Emami et al. were able to demonstrate that a depletion of DCs in

newborn mice protected against Cronobacter sakazakii-induced

NEC, whereas transfer of DCs to DC-depleted mice restored

susceptibility to NEC infection. The investigators hypothesized

that the interaction between OmpA+ Cronobacter sakazakii and

DCs leads to increased nitric oxide (NO) production in enterocytes,

resulting in intestinal epithelial cell damage and apoptosis.

Moreover, anti-inflammatory cytokines, such as TGF-b and IL-

10, seem to also be involved in this process, with TGF-b causing an

upregulation of inducible nitric oxide synthase (iNOS) resulting in

epithelial damage (86).

Namachivayan et al. used a baboon model to study the

inhibitory effects of Smad7 on the autocrine expression of TGF-

b2 in intestinal epithelial cells in 2013. A downregulation of Smad7

resulted in in an increased TGF-b2 expression which leads to an

exacerbation of NEC pathology (87).

In another study using the FF model for NEC induction

preterm pigs were fed with parental nutrition. The authors

focused on the interplay between TGF-b and LPS to regulate

intestinal homeostasis via IL-8. The study was able to show that

low levels of IL-8 may contribute to the maintenance and

promotion of epithelial repair mechanisms. Paradoxically, high

levels of IL-8 were also demonstrated to lead to inflammation (88).

Intraepithelial lymphocytes expressing the gd T cell receptor

(TCR) (gd IEL) seem to also be important during NEC

pathogenesis, as these cells have been shown to maintain

intestinal integrity and prevent bacterial translocation in part by

producing IL-17. More specifically, severe NEC-like intestinal

injury was observed in TCRd-deficient mice lacking gd IEL cells,

including CD8gd IELs. In addition to these findings, a high TNFa,
but low IL-17A expression was also observed. These results suggest

that CD8 gd IELs play a role in IL-17 production and gut barrier

function early in life (89).

An overview of the animal models and FF NEC induction

paradigms are summarized in the Supplementary Table 3.
3.4 TNBS model

It is known that the application of trinitrobenzene sulfonate

(TNBS) elicits a strong inflammatory response of the intestine, as it

is a nonspecific immunologic stimulant. The result of TNBS

administration is increased chemotaxis and macrophage

infiltration, leading to mucosal damage similar to the one seen

in NEC.

In 2012, MohanKumar et al. used TNBS as a non-specific insult

to induce NEC in mice. They compared the difference in NEC

induction and their response to the insult between newborn and

adult mice as well as the macrophage and leukocyte migration. The

study concluded that intestinal injury is characterized by

macrophage-rich leukocyte infiltration in neonatal mice whereas

in adult mice, a pleomorphic leukocyte infiltration was

observed (90).

The same group focused 2016 on the molecular mechanism of

macrophage activation in NEC with focus on Smad7 in interrupting
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TGF-b signaling. In addition to the HHF model, MohanKumar

et al. also used the TNBS model to investigate the role of

macrophages during NEC as it has many advantages compared to

the HHF model. They found an increased Smad7 expression in

TNBS-induced NEC which interrupts TGF-b signaling and may

promote inflammatory signaling (43).

One year later, the same group used this model to study the

genetics of TNBS-mediated intestinal injury and human NEC. The

results of the study confirmed similarities in the transcriptional

profile between the TNBS-mediated mouse model and human NEC

patients, as the TNBS-model activated nearly all the same biological

pathways and transcriptional networks (44).

The overview of the TNBS models and NEC induction

paradigms can be found in the Supplementary Table 4.
3.5 Paneth cell disruption (PCD) model

The PCD model was developed to mimic the decreased

expression of Paneth cells found in human neonates with NEC.

Paneth cells are critical regulators of the gut’s innate immunity and

are part of the epithelial mucosal barrier. Moreover, they produce

important antimicrobial peptides and regulate the innate immune

system. As such, impaired Paneth cell function can create a

proinflammatory state that is susceptible to injury. Moreover,

Paneth cells also regulate the intestinal bacterial composition (91).

To understand whether Paneth cell disruption plays a role in NEC

pathogenesis, Zhang et al. developed a model in which Paneth cells

undergo ablation via dithizone or diphtheria toxin injection (42).
3.5.1 Innate immune cells studied with the
PCD model

In 2017, White et al. published a study on the development of NEC

associated with Paneth cells. They showed that disruption of Paneth

cells in mice leads to NEC when exposed to live bacteria, and that this

occurs independently of TLR4 signaling. The study highlights the

critical role of Paneth cells in the pathogenesis of NEC and shows that

their disruption, in combination with exposure to bacteria, causes

intestinal damage that resembles human NEC. Importantly, their

research highlights that live bacteria are necessary for the initiation

of this damage, whereas TLR4 activation is not required for the

development of NEC in this context (45).

Lueschow et al. focused on the role of Paneth cells in the context

of the immature intestinal microbiome in 2018. The results of their

study suggested that Paneth cell depletion of the immature small

intestine in mice induces significant changes in the composition of

the intestinal microbiota. Additionally, the depletion of Paneth cells

followed by a Klebsiella-induced dysbiosis was shown to induce a

phenotype similar to the microbiota of human neonates with NEC.

Based on the findings of this study, it can be assumed, that Paneth

cells play a key role in NEC pathogenesis (46).

Another studyusing thePCDmodel conducted in2021byChaaban

et al. used CD-1 mice investigated the presence of NETs and

nucleosomes in human and mouse tissue. Additionally, the effects of

chloramidine and pan-PAD, both for NETs inhibition, were examined
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mice andhumanNEC tissue, and (2) an effective inhibition of pan-PAD

in the realms of NETs formation during NEC (92).

For the PCD model, an overview can be found in the

Supplementary Table 5.
3.6 Dextran sodium sulfate (DSS) model

One of the newer models to study NEC is the DSS model, in

which administration of DSS results in NEC-like lesions with

humoral and cellular immune responses throughout the intestine.

3.6.1 Inflammatory mediators studied with the
DSS model

One study examining the expression of the chemokine CXCL2

during the inflammatory process inNECwas investigated using theDSS

model, while simultaneously comparing adult with neonatal mice. The

authors reported colonic inflammation with increased expression of

CXCL2 mRNA in adult mice treated with DSS. In contrast, neonatal

mice treatedwith either (1)DSSor (2)LPS incombinationwithhypoxia/

hypothermia exhibited tissue inflammation in both the colon and small

intestine. Here, theDSSmodel yielded increased intestinal expression of

CXCL2 mRNA. What is more, LPS administration primarily triggered

local recruitment of neutrophils while DSS-treated mice showed

increased infiltration of monocytes/macrophages. These results

indicate that DSS has the potential to induce NEC-like lesions (47).

A summary of the DSS model and the NEC induction

paradigms can be found in the Supplementary Table 6.
3.7 Organoids as a NEC model – NEC in
a dish

Organoids are 3D-cell cultures, which can be used to represent

particular organs and study their functions. Organoids can be grown

using different tissue entities as well as different species. Using

organoids to study NEC is relatively new. However, both human and

murine organoid models have been developed for NEC research.

Adding to the vast opportunities to study NEC in a dish is the

establishment of a reversed enteroid polarity – also known as an

apical-out enteroid – model, resulting in the apical surface facing

outward (93). This organoid model has been validated by Liebe et al.

in 2023. The benefit of using an apical enteroid model is the direct

access to the laminal surface. This allows for a more in depth

analysis of pathogen interactions with the intestinal epithelial

barrier (94).

3.7.1 Inflammatory mediators studied with the
organoid model

To study necroptosis in NEC, Werts et al. evaluated human NEC

tissue, an NEC mouse model, and a ex vivo NEC model using mouse

intestinal organois as well as differentiated and undifferentiated mouse

organoids in the presence of NEC bacteria and hypoxia to induce NEC.

In the context of necroptosis, the protective effects of human breast
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milk and its associated milk oligosaccharides were examined using the

organoid model. Furthermore, the inflammatory effect and the

induction of necroptosis by TLR4 activation were studied using this

model. The study shows that necroptosis, a form of programmed cell

death, plays an important role in the development of NEC. Activation

of necroptosis is observed in the intestinal epithelium of both humans

and mice with NEC. Inhibition of necroptosis reduces NEC pathology

in mice, and its induction is particularly pronounced in the

differentiated epithelium in the organoid model. Breast milk and its

component 2’-fucosyllactose (2’FL) reduce necroptosis in the ex vivo

NEC model (95).

A newer study focused on IL-22 as potential treatment option

for NEC. IL-22 is a key modulator of intestinal microbial

communities and can control intestinal homeostasis by

preventing harmful inflammatory responses in adults, where the

protective effect could be demonstrated. However, the role of IL-22

in preterms is still unknown. Here, enteroids were used to compare

different genetic expressions induced by IL-22 from human NEC

and healthy tissue enteroids with the expression in a NEC-mouse

model with induced NEC. Both, mice and human enteroids were

treated with IL-22, resulting in similar results: It triggers an anti-

microbial response by upregulating genes such as Retnlb, Reg3g,

Fut2, and S100 genes, involved in the regulation of the microbiome.

IL-22 administration seemed to protect the mucosal barrier and

promoted the regeneration of intestinal epithelial cells (78).
3.8 NEC on a chip

An intestine-on-a-chip has been described as an improved

preclinical model to study NEC, as it allows a comprehensive

analysis of the pathophysiology of NEC. In this model, unlike the

NEC-in-a-dish model, epithelial cells were seeded onto a

microfluidic device to form a monolayer. This model utilizes a

combination of healthy and NEC enteroids co cultured with human

intestinal microvascular endothelial cells and patient-derived

microbiota. In 2023, Lanik et al. used this advanced model to

assess the interactions between intestinal epithelium, endothelium,

and the microbiome in preterm infants. They showed an

upregulation of different genes involved in ferroptosis, and

necroptosis pathway compared with the healthy control (96).

Both models, NEC-in-a-dish and NEC-on-a-chip are

summarized in the Supplementary Table 7.
4 Conclusion

Necrotizing enterocolitis (NEC) is one of the most devasting

diseases affecting premature neonates. As it involves the interaction

of various inflammatory components, ultimately leading to tissue

damage and necrosis in the intestine, various models must be used
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to characterize the disease. However, the usage of animal models bears

many limitations, such as differences in immune systems or a

distinctive development of the intestine. This makes translation of

results from animal NEC studies to humans difficult. However, recently

translational models like organoids and NEC on a chip have been

developed, which are very promising in order to study NEC. These

models have been shown to replicate physiological, immunological,

and pathological aspects of NEC. What is more, as they are derived

from human or animal tissue, the usage of animals to study NEC can

be reduced. As organoids can mimic relatively complex interactions

within the intestinal tissue and immune cells involved in NEC, animal

models might potentially be obsolete in the future.
Author contributions

LB:Writing–originaldraft,Writing– review&editing.DV:Writing

– review & editing. MB: Conceptualization, Supervision, Writing –

review & editing. JK: Supervision, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. For the

publication fee we acknowledge financial support by

Heidelberg University.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.

1434281/full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1434281/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1434281/full#supplementary-material
https://doi.org/10.3389/fimmu.2024.1434281
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Blum et al. 10.3389/fimmu.2024.1434281
References
1. Cho SX, Berger PJ, Nold-Petry CA, Nold MF. The immunological landscape in
necrotising enterocolitis. Expert Rev Mol Med. (2016) 18:e12. doi: 10.1017/erm.2016.13

2. Bazacliu C, Neu J. Pathophysiology of necrotizing enterocolitis: an update. Curr
Pediatr Rev. (2019) 15:68–87. doi: 10.2174/1573396314666181102123030

3. Klinke M, Chaaban H, Boettcher M. The role of neutrophil extracellular traps in
necrotizing enterocolitis. Front Pediatr. (2023) 11:1121193. doi: 10.3389/
fped.2023.1121193

4. Nanthakumar NN, Fusunyan RD, Sanderson I, Walker WA. Inflammation in the
developing human intestine: A possible pathophysiologic contribution to necrotizing
enterocolitis. Proc Natl Acad Sci United States America. (2000) 97:6043–8. doi: 10.1073/
pnas.97.11.6043

5. Berman L, Moss RL. Necrotizing enterocolitis: An update. Semin Fetal Neonatal
Med. (2011) 16:145–50. doi: 10.1016/j.siny.2011.02.002

6. Leaphart CL, Cavallo J, Gribar SC, Cetin S, Li J, Branca MF, et al. A critical role for
TLR4 in the pathogenesis of necrotizing enterocolitis by modulating intestinal injury
and repair1. J Immunol. (2007) 179:4808–20. doi: 10.4049/jimmunol.179.7.4808

7. Niño DF, Sodhi CP, Egan CE, Zhou Q, Lin J, Lu P, et al. Retinoic acid improves
incidence and severity of necrotizing enterocolitis by lymphocyte balance restitution
and repopulation of lgr5+ Intestinal stem cells. Shock (Augusta Ga.). (2017) 47:22–32.
doi: 10.1097/SHK.0000000000000713

8. Denning N-L, Prince JM. Neonatal intestinal dysbiosis in necrotizing
enterocolitis. Mol Med. (2018) 24:4. doi: 10.1186/s10020-018-0002-0

9. Buch NA, Ahmad SM, Ali SW, Hassan HM. An epidemiological study of neonatal
necrotizing enterocolitis. Saudi Med J. (2001) 22:231–7.

10. Luig M, Lui KGroup, N.& A.N. Epidemiology of necrotizing enterocolitis – Part
II: Risks and susceptibility of premature infants during the surfactant era: A regional
study. J Paediatrics Child Health. (2005) 41:174–9. doi: 10.1111/j.1440-
1754.2005.00583.x

11. Fitzgibbons SC, Ching Y, Yu D, Carpenter J, Kenny M, Weldon C, et al.
Mortality of necrotizing enterocolitis expressed by birth weight categories. J Pediatr
Surg. (2009) 44:1072–5. doi: 10.1016/j.jpedsurg.2009.02.013

12. McElroy SJ, Prince LS, Weitkamp JH, Reese J, Slaughter JC, Polk DB. Tumor
necrosis factor receptor 1-dependent depletion of mucus in immature small intestine: a
potential role in neonatal necrotizing enterocolitis. Am J Physiol - Gastrointestinal Liver
Physiol. (2011) 301:G656–66. doi: 10.1152/ajpgi.00550.2010

13. Battersby AJ, Gibbons DL. The gut mucosal immune system in the neonatal
period. Pediatr Allergy Immunol. (2013) 24:414–21. doi: 10.1111/pai.12079

14. Neu J. Gastrointestinal development and meeting the nutritional needs of
premature infants23. Am J Clin Nutr. (2007) 85:629S–34S. doi: 10.1093/ajcn/85.2.629S

15. Hackam DJ, Sodhi CP. Toll-like receptor–mediated intestinal inflammatory
imbalance in the pathogenesis of necrotizing enterocolitis. Cell Mol Gastroenterol
Hepatol. (2018) 6:229–238.e1. doi: 10.1016/j.jcmgh.2018.04.001

16. Bautista GM, Cera AJ, Chaaban H, McElroy SJ. ‘State-of-the-art review and
update of in vivomodels of necrotizing enterocolitis’. Front Pediatr. (2023) 11:1161342.
doi: 10.3389/fped.2023.1161342

17. He Y, DuW, Xiao S, Zeng B, She X, Liu D, et al. Colonization of fecal microbiota
from patients with neonatal necrotizing enterocolitis exacerbates intestinal injury in
germfree mice subjected to necrotizing enterocolitis-induction protocol via alterations
in butyrate and regulatory T cells. J Trans Med. (2021) 19:510. doi: 10.1186/s12967-
021-03109-5

18. Cotten CM, Taylor S, Stoll B, Goldberg RN, Hansen NI, Sánchez PJ, et al.
Prolonged duration of initial empirical antibiotic treatment is associated with increased
rates of necrotizing enterocolitis and death for extremely low birth weight infants.
Pediatrics. (2009) 123:58–66. doi: 10.1542/peds.2007-3423

19. Pearson F, Johnson MJ, Leaf AA. Milk osmolality: does it matter? Arch Dis
Childhood - Fetal Neonatal Edition. (2013) 98:F166–9. doi: 10.1136/adc.2011.300492

20. Sylvester KG, Kastenberg ZJ, Moss RL, Enns GM, Cowan TM, Shaw GM, et al.
Acylcarnitine profiles reflect metabolic vulnerability for necrotizing enterocolitis in
newborns born premature. J Pediatr. (2017) 181:80–85.e1. doi: 10.1016/
j.jpeds.2016.10.019

21. Nolan LS, Parks OB, Good M. A review of the immunomodulating components
of maternal breast milk and protection against necrotizing enterocolitis. Nutrients.
(2019) 12:14. doi: 10.3390/nu12010014

22. Ding G, Yu J, Chen Y, Vinturache A, Pang Y, Zhang J. Maternal smoking during
pregnancy and necrotizing enterocolitis-associated infant mortality in preterm babies.
Sci Rep. (2017) 7:45784. doi: 10.1038/srep45784

23. Nicolas CT, Carter SR, Martin CA. Impact of maternal factors, environmental
factors, and race on necrotizing enterocolitis. Semin Perinatol. (2023) 47:151688.
doi: 10.1016/j.semperi.2022.151688

24. Gopalakrishna KP, Macadangdang BR, Rogers MB, Tometich JT, Firek BA,
Baker R, et al. Maternal IgA protects against the development of necrotizing
enterocolitis in preterm infants. Nat Med. (2019) 25:1110–5. doi: 10.1038/s41591-
019-0480-9
Frontiers in Immunology 12
25. Bode L. Human Milk Oligosaccharides in the Prevention of Necrotizing
Enterocolitis: A Journey From in vitro and in vivo Models to Mother-Infant Cohort
Studies. Front Pediatr. (2018) 6:385. doi: 10.3389/fped.2018.00385

26. Sodhi CP, Wipf P, Yamaguchi Y, Fulton WB, Kovler M, Niño DF, et al. The
human milk oligosaccharides 2’-fucosyllactose and 6’-sialyllactose protect against the
development of necrotizing enterocolitis by inhibiting toll-like receptor 4 signaling.
Pediatr Res. (2021) 89:91–101. doi: 10.1038/s41390-020-0852-3

27. Sami AS, Frazer LC, Miller CM, Singh DK, Clodfelter LG, Orgel KA, et al. The
role of human milk nutrients in preventing necrotizing enterocolitis. Front Pediatr.
(2023) 11:1188050. doi: 10.3389/fped.2023.1188050

28. Lu P, Yamaguchi Y, Fulton WB, Wang S, Zhou Q, Jia H, et al. Maternal aryl
hydrocarbon receptor activation protects newborns against necrotizing enterocolitis.
Nat Commun. (2021) 12:1042. doi: 10.1038/s41467-021-21356-4

29. Nolan LS, Mihi B, Agrawal P, Gong Q, Rimer JM, Bidani SS, et al. Indole-3-
carbinol–dependent aryl hydrocarbon receptor signaling attenuates the inflammatory
response in experimental necrotizing enterocolitis. ImmunoHorizons. (2021) 5:193–
209. doi: 10.4049/immunohorizons.2100018

30. Murdoch EM, Sinha AK, Shanmugalingam ST, Smith GC, Kempley ST. Doppler
flow velocimetry in the superior mesenteric artery on the first day of life in preterm
infants and the risk of neonatal necrotizing enterocolitis. Pediatrics. (2006) 118:1999–
2003. doi: 10.1542/peds.2006-0272

31. Collard KJ. Transfusion related morbidity in premature babies: Possible
mechanisms and implications for practice. World J Clin Pediatr. (2014) 3:19.
doi: 10.5409/wjcp.v3.i3.19

32. Aladangady N, Sanderson I. ‘Editorial: Biomarkers of gut blood flow,
oxygenation, inflammation and NEC in neonates’. Front Pediatr. (2023) 11:1234832.
doi: 10.3389/fped.2023.1234832

33. Yan X, Cao Y, Chen W, Yu Q, Chen Y, Yao S, et al. Peptide Tat(48–60) YVEEL
protects against necrotizing enterocolitis through inhibition of toll-like receptor 4-
mediated signaling in a phosphatidylinositol 3-kinase/AKT dependent manner. Front
Nutr. (2022) 9:992145. doi: 10.3389/fnut.2022.992145

34. Good M, Sodhi CP, Egan CE, Afrazi A, Jia H, Yamaguchi Y, et al. Breast milk
protects against the development of necrotizing enterocolitis through inhibition of
Toll-like receptor 4 in the intestinal epithelium via activation of the epidermal growth
factor receptor. Mucosal Immunol. (2015) 8:1166–79. doi: 10.1038/mi.2015.30

35. Neal MD, Jia H, Eyer B, Good M, Guerriero CJ, Sodhi CP, et al. Discovery and
validation of a new class of small molecule toll-like receptor 4 (TLR4) inhibitors. PloS
One. (2013) 8:e65779. doi: 10.1371/journal.pone.0065779

36. Good M, Siggers RH, Sodhi CP, Afrazi A, Alkhudari F, Egan CE, et al. Amniotic
fluid inhibits Toll-like receptor 4 signaling in the fetal and neonatal intestinal
epithelium. Proc Natl Acad Sci. (2012) 109:11330–5. doi: 10.1073/pnas.1200856109

37. Sulistyo A, Rahman A, Biouss G, Antounians L, Zani A. Animal models of
necrotizing enterocolitis: review of the literature and state of the art. Innovative Surg
Sci. (2018) 3:87–92. doi: 10.1515/iss-2017-0050

38. Lopez CM, Sampah MES, Duess JW, Ishiyama A, Ahmad R, Sodhi CP, et al.
Models of necrotizing enterocolitis. Semin Perinatol. (2023) 47:151695. doi: 10.1016/
j.semperi.2022.151695

39. Fatehullah A, Tan SH, Barker N. Organoids as an in vitro model of human
development and disease. Nat Cell Biol. (2016) 18:246–54. doi: 10.1038/ncb3312

40. Ye W, Luo C, Li C, Huang J, Liu F. Organoids to study immune functions,
immunological diseases and immunotherapy. Cancer Lett. (2020) 477:31–40.
doi: 10.1016/j.canlet.2020.02.027

41. Chusilp S, Li B, Lee D, Lee C, Vejchapipat P, Pierro A. Intestinal organoids in
infants and children. Pediatr Surg Int. (2020) 36:1–10. doi: 10.1007/s00383-019-04581-
3

42. Zhang C, Sherman MP, Prince LS, Bader D, Weitkamp JH, Slaughter JC, et al.
Paneth cell ablation in the presence of Klebsiella pneumoniae induces necrotizing
enterocolitis (NEC)-like injury in the small intestine of immature mice. Dis Models
Mech. (2012) 5:522–32. doi: 10.1242/dmm.009001

43. MohanKumar K, Namachivayam K, Chapalamadugu KC, Garzon SA,
Premkumar MH, Tipparaju SM, et al. Smad7 interrupts TGF-b Signaling in
intestinal macrophages and promotes inflammatory activation of these cells during
necrotizing enterocolitis. Pediatr Res. (2016) 79:951–61. doi: 10.1038/pr.2016.18

44. MohanKumar K, Namachivayam K, Cheng F, Jiang RH, Flores-Torres J, Torres
BA, et al. Trinitrobenzene sulfonic acid-induced intestinal injury in neonatal mice
activates transcriptional networks similar to those seen in human necrotizing
enterocolitis. Pediatr Res. (2017) 81:99–112. doi: 10.1038/pr.2016.189

45. White JR, Gong H, Pope B, Schlievert P, McElroy SJ. Paneth-cell-disruption-
induced necrotizing enterocolitis in mice requires live bacteria and occurs
independently of TLR4 signaling. Dis Models Mech. (2017) 10:727–36. doi: 10.1242/
dmm.028589

46. Lueschow SR, Stumphy J, Gong H, Kern SL, Elgin TG, Underwood MA, et al.
Loss of murine Paneth cell function alters the immature intestinal microbiome and
mimics changes seen in neonatal necrotizing enterocolitis. PloS One. (2018) 13:
e0204967. doi: 10.1371/journal.pone.0204967
frontiersin.org

https://doi.org/10.1017/erm.2016.13
https://doi.org/10.2174/1573396314666181102123030
https://doi.org/10.3389/fped.2023.1121193
https://doi.org/10.3389/fped.2023.1121193
https://doi.org/10.1073/pnas.97.11.6043
https://doi.org/10.1073/pnas.97.11.6043
https://doi.org/10.1016/j.siny.2011.02.002
https://doi.org/10.4049/jimmunol.179.7.4808
https://doi.org/10.1097/SHK.0000000000000713
https://doi.org/10.1186/s10020-018-0002-0
https://doi.org/10.1111/j.1440-1754.2005.00583.x
https://doi.org/10.1111/j.1440-1754.2005.00583.x
https://doi.org/10.1016/j.jpedsurg.2009.02.013
https://doi.org/10.1152/ajpgi.00550.2010
https://doi.org/10.1111/pai.12079
https://doi.org/10.1093/ajcn/85.2.629S
https://doi.org/10.1016/j.jcmgh.2018.04.001
https://doi.org/10.3389/fped.2023.1161342
https://doi.org/10.1186/s12967-021-03109-5
https://doi.org/10.1186/s12967-021-03109-5
https://doi.org/10.1542/peds.2007-3423
https://doi.org/10.1136/adc.2011.300492
https://doi.org/10.1016/j.jpeds.2016.10.019
https://doi.org/10.1016/j.jpeds.2016.10.019
https://doi.org/10.3390/nu12010014
https://doi.org/10.1038/srep45784
https://doi.org/10.1016/j.semperi.2022.151688
https://doi.org/10.1038/s41591-019-0480-9
https://doi.org/10.1038/s41591-019-0480-9
https://doi.org/10.3389/fped.2018.00385
https://doi.org/10.1038/s41390-020-0852-3
https://doi.org/10.3389/fped.2023.1188050
https://doi.org/10.1038/s41467-021-21356-4
https://doi.org/10.4049/immunohorizons.2100018
https://doi.org/10.1542/peds.2006-0272
https://doi.org/10.5409/wjcp.v3.i3.19
https://doi.org/10.3389/fped.2023.1234832
https://doi.org/10.3389/fnut.2022.992145
https://doi.org/10.1038/mi.2015.30
https://doi.org/10.1371/journal.pone.0065779
https://doi.org/10.1073/pnas.1200856109
https://doi.org/10.1515/iss-2017-0050
https://doi.org/10.1016/j.semperi.2022.151695
https://doi.org/10.1016/j.semperi.2022.151695
https://doi.org/10.1038/ncb3312
https://doi.org/10.1016/j.canlet.2020.02.027
https://doi.org/10.1007/s00383-019-04581-3
https://doi.org/10.1007/s00383-019-04581-3
https://doi.org/10.1242/dmm.009001
https://doi.org/10.1038/pr.2016.18
https://doi.org/10.1038/pr.2016.189
https://doi.org/10.1242/dmm.028589
https://doi.org/10.1242/dmm.028589
https://doi.org/10.1371/journal.pone.0204967
https://doi.org/10.3389/fimmu.2024.1434281
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Blum et al. 10.3389/fimmu.2024.1434281
47. Ginzel M, Feng X, Kuebler JF, Klemann C, Yu Y, von Wasielewski R, et al.
Dextran sodium sulfate (DSS) induces necrotizing enterocolitis-like lesions in neonatal
mice. PloS One. (2017) 12:e0182732. doi: 10.1371/journal.pone.0182732

48. Stanford AH, Gong H, Noonan M, Lewis AN, Gong Q, Lanik WE, et al. A direct
comparison of mouse and human intestinal development using epithelial gene
expression patterns. Pediatr Res. (2020) 88:66–76. doi: 10.1038/s41390-019-0472-y

49. Vincent D, Klinke M, Eschenburg G, Trochimiuk M, Appl B, Tiemann B, et al.
NEC is likely a NETs dependent process and markers of NETosis are predictive of NEC
in mice and humans. Sci Rep. (2018) 8:12612. doi: 10.1038/s41598-018-31087-0

50. Barlow B, Santulli TV, Heird WC, Pitt J, Blanc WA, Schullinger JN. An
experimental study of acute neonatal enterocolitis—the importance of breast milk. J
Pediatr Surg. (1974) 9:587–95. doi: 10.1016/0022-3468(74)90093-1

51. Caplan MS, Hedlund E, Adler L, Hsueh W. Role of asphyxia and feeding in a
neonatal rat model of necrotizing enterocolitis. Pediatr Pathol. (1994) 14:1017–28.
doi: 10.3109/15513819409037698

52. Xia X, Wang D, Yu L, Wang B, Wang W, Jiao C, et al. Activated M1
macrophages suppress c-kit expression via TNF-a-mediated upregulation of miR-
222 in Neonatal Necrotizing Enterocolitis. Inflammation Res. (2021) 70:343–58.
doi: 10.1007/s00011-021-01441-6

53. Jilling T, Simon D, Lu J, Meng FJ, Li D, Schy R, et al. The roles of bacteria and
TLR4 in rat and murine models of necrotizing enterocolitis. J Immunol (Baltimore Md:
1950). (2006) 177:3273–82. doi: 10.4049/jimmunol.177.5.3273

54. Le Mandat Schultz A, Bonnard A, Barreau F, Aigrain Y, Pierre-Louis C, Berrebi
D, et al. Expression of TLR-2, TLR-4, NOD2 and pNF-kB in a neonatal rat model of
necrotizing enterocolitis. PloS One. (2007) 2:e1102. doi: 10.1371/journal.pone.0001102

55. ZhouW, Li W, Zheng XH, Rong X, Huang LG. Glutamine downregulates TLR-2
and TLR-4 expression and protects intestinal tract in preterm neonatal rats with
necrotizing enterocolitis. J Pediatr Surg. (2014) 49:1057–63. doi: 10.1016/
j.jpedsurg.2014.02.078

56. Yin Y, Liu F, Li Y, Tang R, Wang J. ‘mRNA expression of TLR4, TLR9 and NF-
kB in a neonatal murine model of necrotizing enterocolitis’. Mol Med Rep. (2016)
14:1953–6. doi: 10.3892/mmr.2016.5455

57. Liu T, Zong H, Chen X, Li S, Liu Z, Cui X, et al. Toll-like receptor 4-mediated
necroptosis in the development of necrotizing enterocolitis. Pediatr Res. (2022) 91:73–
82. doi: 10.1038/s41390-021-01457-y

58. Huang D, Wang P, Chen J, Li Y, Zhu M, Tang Y, et al. Selective targeting of MD2
attenuates intestinal inflammation and prevents neonatal necrotizing enterocolitis by
suppressing TLR4 signaling. Front Immunol. (2022) 13:995791. doi: 10.3389/
fimmu.2022.995791

59. Zhang X, Luo Y, Gu R, Jiang Z. Astaxanthin alleviates inflammatory response in
neonatal necrotizing enterocolitis rats by regulating NOD2/TLR4 pathway.
Gastroenterol Res Pract. (2023) 2023:6078308. doi: 10.1155/2023/6078308

60. Yarci E, Tayman C, Ozturk Yarci D, Cakir U, Gonel A, Taskin Turkmenoglu T.
Inhibition of Interleukin-6 signaling: A novel therapeutic approach to necrotizing
enterocolitis. Int Immunopharmacol . (2021) 101:108358. doi: 10.1016/
j.intimp.2021.108358

61. Emami CN, Chokshi N, Wang J, Hunter C, Guner Y, Goth K, et al. Role of
interleukin-10 in the pathogenesis of necrotizing enterocolitis. Am J Surg. (2012)
203:428–35. doi: 10.1016/j.amjsurg.2011.08.016

62. Seitz G, Warmann SW, Guglielmetti A, Heitmann H, Ruck P, Kreis ME, et al.
Protective effect of tumor necrosis factor a antibody on experimental necrotizing
enterocolitis in the rat. J Pediatr Surg. (2005) 40:1440–5. doi: 10.1016/
j.jpedsurg.2005.05.043

63. Yurttutan S, Ozdemir R, Canpolat FE, Oncel MY, Unverdi HG, Uysal B, et al.
Beneficial effects of Etanercept on experimental necrotizing enterocolitis. Pediatr Surg
Int. (2014) 30:71–7. doi: 10.1007/s00383-013-3415-4

64. Tayman C, Aydemir S, Yakut I, Serkant U, Ciftci A, Arslan E, et al. TNF-a
Blockade efficiently reduced severe intestinal damage in necrotizing enterocolitis. J
Invest Surgery: Off J Acad Surg Res . (2016) 29:209–17. doi: 10.3109/
08941939.2015.1127449

65. De Plaen IG, Liu SX, Tian R, Neequaye I, May MJ, Han XB, et al. Inhibition of
nuclear factor-kB ameliorates bowel injury and prolongs survival in a neonatal rat
model of necrotizing enterocolitis. Pediatr Res. (2007) 61:716–21. doi: 10.1203/
pdr.0b013e3180534219

66. Managlia E, Liu SXL, Yan X, Tan XD, Chou PM, Barrett TA, et al. Blocking NF-
kB activation in ly6c+ Monocytes attenuates necrotizing enterocolitis. Am J Pathol.
(2019) 189:604. doi: 10.1016/j.ajpath.2018.11.015

67. Lu J, Pierce M, Franklin A, Jilling T, Stafforini DM, Caplan M. Dual roles of
endogenous platelet-activating factor acetylhydrolase in a murine model of necrotizing
enterocolitis. Pediatr Res. (2010) 68:225–30. doi: 10.1203/PDR.0b013e3181eb2efe

68. Wang F-S, Yu ML, Li WZ, Hong K, Xu CB, Wang GH. Intestinal tract and
parenteral multi-organ sequential pathological injury caused by necrotizing
enterocolitis. BMC Pediatr. (2020) 20:418. doi: 10.1186/s12887-020-02304-5

69. Chen H, Zhang H, Zheng Y, Min X, Luo Y, Zhou W, et al. Prolyl hydroxylase 2
silencing enhances the paracrine effects of mesenchymal stem cells on necrotizing
enterocolitis in an NF-kB-dependent mechanism. Cell Death Dis. (2020) 11:188.
doi: 10.1038/s41419-020-2378-3
Frontiers in Immunology 13
70. Klinke M, Vincent D, Trochimiuk M, Appl B, Tiemann B, Reinshagen K, et al.
Development of an improved murine model of necrotizing enterocolitis shows the
importance of neutrophils in NEC pathogenesis. Sci Rep. (2020) 10:8049. doi: 10.1038/
s41598-020-65120-y

71. Maheshwari A, Kelly DR, Nicola T, Ambalavanan N, Jain SK, Murphy-Ullrich J,
et al. TGF-b2 suppresses macrophage cytokine production and mucosal inflammatory
responses in the developing intestine. Gastroenterology. (2011) 140:242–53.
doi: 10.1053/j.gastro.2010.09.043

72. Sodhi CP, Shi XH, Richardson WM, Grant ZS, Shapiro RA, Prindle T Jr, et al.
Toll-like-receptor-4 inhibits enterocyte proliferation via impaired b-catenin signaling
in necrotizing enterocolitis. Gastroenterology. (2010) 138:185. doi: 10.1053/
j.gastro.2009.09.045

73. Sodhi CP, Neal MD, Siggers R, Sho S, Ma C, Branca MF, et al. Intestinal epithelial
toll-like receptor 4 regulates goblet cell development and is required for necrotizing
enterocolitis in mice. Gastroenterology. (2012) 143:708-18.e1-5. doi: 10.1053/
j.gastro.2012.05.053

74. Kovler ML, Gonzalez Salazar AJ, Fulton WB, Lu P, Yamaguchi Y, Zhou Q, et al.
Toll-like receptor 4 mediated enteric glia loss is critical for the development of
necrotizing enterocolitis. Sci Trans Med. (2021) 13:eabg3459. doi: 10.1126/
scitranslmed.abg3459

75. Richardson WM, Sodhi CP, Russo A, Siggers RH, Afrazi A, Gribar SC, et al.
Nucleotide-binding oligomerization domain-2 inhibits toll like receptor-4 signaling in
the intestinal epithelium. Gastroenterology. (2010) 139:904–917.e6. doi: 10.1053/
j.gastro.2010.05.038

76. Rentea RM, Welak SR, Fredrich K, Donohoe D, Pritchard KA, Oldham KT, et al.
Early enteral stressors in newborns increase inflammatory cytokine expression in a
neonatal necrotizing enterocolitis rat model. Eur J Pediatr Surg. (2013) 23:39–47.
doi: 10.1055/s-00000015

77. Shiou S-R, Yu Y, Guo Y, Westerhoff M, Lu L, Petrof EO, et al. Oral
administration of transforming growth factor-b1 (TGF-b1) protects the immature
gut from injury via smad protein-dependent suppression of epithelial nuclear factor kB
(NF-kB) signaling and proinflammatory cytokine production. J Biol Chem. (2013)
288:34757–66. doi: 10.1074/jbc.M113.503946

78. Mihi B, Gong Q, Nolan LS, Gale SE, Goree M, Hu E, et al. Interleukin-22
signaling attenuates necrotizing enterocolitis by promoting epithelial cell regeneration.
Cell Rep Med. (2021) 2:100320. doi: 10.1016/j.xcrm.2021.100320

79. Nadler EP, Dickinson E, Knisely A, Zhang XR, Boyle P, Beer-Stolz D, et al.
Expression of inducible nitric oxide synthase and interleukin-12 in experimental
necrotizing enterocolitis. J Surg Res. (2000) 92:71–7. doi: 10.1006/jsre.2000.5877

80. Schulz S, Chisholm KM, Zhao H, Kalish F, Yang Y, Wong RJ, et al. Heme
oxygenase-1 confers protection and alters T-cell populations in a mouse model of
neonatal intestinal inflammation. Pediatr Res. (2015) 77:640–8. doi: 10.1038/pr.2015.22

81. Ma F, Li S, Gao X, Zhou J, Zhu X, Wang D, et al. Interleukin-6-mediated CCR9+
interleukin-17-producing regulatory T cells polarization increases the severity of
necrotizing enterocolitis. EBioMedicine . (2019) 44:71–85. doi: 10.1016/
j.ebiom.2019.05.042

82. Ma F, Hao H, Gao X, Cai Y, Zhou J, Liang P, et al. Melatonin ameliorates
necrotizing enterocolitis by preventing Th17/Treg imbalance through activation of the
AMPK/SIRT1 pathway. Theranostics. (2020) 10:7730–46. doi: 10.7150/thno.45862

83. Egan CE, Sodhi CP, Good M, Lin J, Jia H, Yamaguchi Y, et al. Toll-like receptor
4–mediated lymphocyte influx induces neonatal necrotizing enterocolitis. J Clin Invest.
(2015) 126:495–508. doi: 10.1172/JCI83356

84. Leaphart CL, Qureshi F, Cetin S, Li J, Dubowski T, Baty C, et al. e.
Gastroenterology. (2007) 132:2395–411. doi: 10.1053/j.gastro.2007.03.029

85. Emami CN, Mittal R, Wang L, Ford HR, Prasadarao NV. Role of neutrophils and
macrophages in the pathogenesis of necrotizing enterocolitis caused by Cronobacter
sakazakii. J Surg Res. (2012) 172:18–28. doi: 10.1016/j.jss.2011.04.019

86. Emami CN, Wang L, Ford HR, Prasadarao NV. Recruitment of dendritic cells is
responsible for intestinal epithelial damage in the pathogenesis of necrotizing
enterocolitis by Cronobacter sakazakii. J Immunol (Baltimore Md: 1950). (2011)
186:7067–79. doi: 10.4049/jimmunol.1100108

87. Namachivayam K, Blanco CL, MohanKumar K, Jagadeeswaran R, Vasquez M,
McGill-Vargas L, et al. Smad7 inhibits autocrine expression of TGF-b2 in intestinal
epithelial cells in baboon necrotizing enterocolitis. Am J Physiol - Gastrointestinal Liver
Physiol. (2013) 304:G167–80. doi: 10.1152/ajpgi.00141.2012

88. Nguyen DN, Sangild PT, Ostergaard MV, Bering SB, Chatterton DE.
Transforming growth factor-b2 and endotoxin interact to regulate homeostasis via
interleukin-8 levels in the immature intestine. Am J Physiology-Gastrointestinal Liver
Physiol. (2014) 307:G689–99. doi: 10.1152/ajpgi.00193.2014

89. Weitkamp J-H, Rosen MJ, Zhao Z, Koyama T, Geem D, Denning TL, et al. Small
intestinal intraepithelial TCRgd+ T lymphocytes are present in the premature intestine
but selectively reduced in surgical necrotizing enterocolitis. PloS One. (2014) 9:e99042.
doi: 10.1371/journal.pone.0099042

90. MohanKumar K, Kaza N, Jagadeeswaran R, Garzon SA, Bansal A, Kurundkar
AR, et al. Gut mucosal injury in neonates is marked by macrophage infiltration in
contrast to pleomorphic infiltrates in adult: evidence from an animal model. Am J
Physiology-Gastrointestinal Liver Physiol. (2012) 303:G93–G102. doi: 10.1152/
ajpgi.00016.2012
frontiersin.org

https://doi.org/10.1371/journal.pone.0182732
https://doi.org/10.1038/s41390-019-0472-y
https://doi.org/10.1038/s41598-018-31087-0
https://doi.org/10.1016/0022-3468(74)90093-1
https://doi.org/10.3109/15513819409037698
https://doi.org/10.1007/s00011-021-01441-6
https://doi.org/10.4049/jimmunol.177.5.3273
https://doi.org/10.1371/journal.pone.0001102
https://doi.org/10.1016/j.jpedsurg.2014.02.078
https://doi.org/10.1016/j.jpedsurg.2014.02.078
https://doi.org/10.3892/mmr.2016.5455
https://doi.org/10.1038/s41390-021-01457-y
https://doi.org/10.3389/fimmu.2022.995791
https://doi.org/10.3389/fimmu.2022.995791
https://doi.org/10.1155/2023/6078308
https://doi.org/10.1016/j.intimp.2021.108358
https://doi.org/10.1016/j.intimp.2021.108358
https://doi.org/10.1016/j.amjsurg.2011.08.016
https://doi.org/10.1016/j.jpedsurg.2005.05.043
https://doi.org/10.1016/j.jpedsurg.2005.05.043
https://doi.org/10.1007/s00383-013-3415-4
https://doi.org/10.3109/08941939.2015.1127449
https://doi.org/10.3109/08941939.2015.1127449
https://doi.org/10.1203/pdr.0b013e3180534219
https://doi.org/10.1203/pdr.0b013e3180534219
https://doi.org/10.1016/j.ajpath.2018.11.015
https://doi.org/10.1203/PDR.0b013e3181eb2efe
https://doi.org/10.1186/s12887-020-02304-5
https://doi.org/10.1038/s41419-020-2378-3
https://doi.org/10.1038/s41598-020-65120-y
https://doi.org/10.1038/s41598-020-65120-y
https://doi.org/10.1053/j.gastro.2010.09.043
https://doi.org/10.1053/j.gastro.2009.09.045
https://doi.org/10.1053/j.gastro.2009.09.045
https://doi.org/10.1053/j.gastro.2012.05.053
https://doi.org/10.1053/j.gastro.2012.05.053
https://doi.org/10.1126/scitranslmed.abg3459
https://doi.org/10.1126/scitranslmed.abg3459
https://doi.org/10.1053/j.gastro.2010.05.038
https://doi.org/10.1053/j.gastro.2010.05.038
https://doi.org/10.1055/s-00000015
https://doi.org/10.1074/jbc.M113.503946
https://doi.org/10.1016/j.xcrm.2021.100320
https://doi.org/10.1006/jsre.2000.5877
https://doi.org/10.1038/pr.2015.22
https://doi.org/10.1016/j.ebiom.2019.05.042
https://doi.org/10.1016/j.ebiom.2019.05.042
https://doi.org/10.7150/thno.45862
https://doi.org/10.1172/JCI83356
https://doi.org/10.1053/j.gastro.2007.03.029
https://doi.org/10.1016/j.jss.2011.04.019
https://doi.org/10.4049/jimmunol.1100108
https://doi.org/10.1152/ajpgi.00141.2012
https://doi.org/10.1152/ajpgi.00193.2014
https://doi.org/10.1371/journal.pone.0099042
https://doi.org/10.1152/ajpgi.00016.2012
https://doi.org/10.1152/ajpgi.00016.2012
https://doi.org/10.3389/fimmu.2024.1434281
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Blum et al. 10.3389/fimmu.2024.1434281
91. Salzman NH, Hung K, Haribhai D, Chu H, Karlsson-Sjöberg J, Amir E, et al.
Enteric defensins are essential regulators of intestinal microbial ecology. Nat Immunol.
(2010) 11:76–83. doi: 10.1038/ni.1825

92. Chaaban H, Burge K, Eckert J, Keshari RS, Silasi R, Lupu C, et al. Neutrophil
extracellular trap inhibition increases inflammation, bacteraemia and mortality in
murine necrotizing enterocolitis. J Cell Mol Med. (2021) 25:10814–24. doi: 10.1111/
jcmm.15338

93. Burge K, Wilson A, Chaaban H. In vitro apical-out enteroid model of necrotizing
enterocolitis’. J visualized experiments : JoVE. (2022) 184). doi: 10.3791/64003
Frontiers in Immunology 14
94. Liebe H, Schlegel C, Cai X, Golubkova A, Loerke C, Leiva T, et al. Apical-out
enteroids as an innovative model for necrotizing enterocolitis. J Surg Res. (2023)
283:1106–16. doi: 10.1016/j.jss.2022.11.048

95. Werts AD, Fulton WB, Ladd MR, Saad-Eldin A, Chen YX, Kovler ML, et al. A
novel role for necroptosis in the pathogenesis of necrotizing enterocolitis. Cell Mol
Gastroenterol Hepatol. (2019) 9:403–23. doi: 10.1016/j.jcmgh.2019.11.002

96. Lanik WE, Luke CJ, Nolan LS, Gong Q, Frazer LC, Rimer JM, et al. Microfluidic
device facilitates in vitro modeling of human neonatal necrotizing enterocolitis–on-a-
chip. JCI Insight. (2023) 8. doi: 10.1172/jci.insight.146496
frontiersin.org

https://doi.org/10.1038/ni.1825
https://doi.org/10.1111/jcmm.15338
https://doi.org/10.1111/jcmm.15338
https://doi.org/10.3791/64003
https://doi.org/10.1016/j.jss.2022.11.048
https://doi.org/10.1016/j.jcmgh.2019.11.002
https://doi.org/10.1172/jci.insight.146496
https://doi.org/10.3389/fimmu.2024.1434281
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immunological aspects of necrotizing enterocolitis models: a review
	1 Introduction
	1.1 Risk factors
	1.1.1 Prematurity
	1.1.2 Dysbiosis
	1.1.3 Formula feeding
	1.1.4 Maternal conditions

	1.2 Prevention of NEC

	2 NEC models
	2.1 Animal models for NEC research

	3 Immunological aspects of different animal models for NEC
	3.1 Hypoxia hypothermia formula (HHF)
	3.1.1 Cells of the innate immune system studied with the HHF model
	3.1.2 Pattern recognition receptors (PRR) studied with the HHF model
	3.1.3 Inflammatory mediators studied with the HHF model
	3.1.4 Stem cells in NEC studied with the HHF model

	3.2 Hypoxia formula (HF)
	3.2.1 Cells of the innate immune system studied with the HF model
	3.2.2 Pattern recognition receptors studied with the HF model
	3.2.3 Inflammatory mediators studied with the HF model
	3.2.4 Components of the adaptive immune system studied with the HF model

	3.3 Formula feeding (FF)
	3.3.1 Cells of the innate immune system studied with the FF model
	3.3.2 Pattern recognition receptor studied with the FF model
	3.3.3 Components of the adaptive immune system studied with the FF model

	3.4 TNBS model
	3.5 Paneth cell disruption (PCD) model
	3.5.1 Innate immune cells studied with the PCD model

	3.6 Dextran sodium sulfate (DSS) model
	3.6.1 Inflammatory mediators studied with the DSS model

	3.7 Organoids as a NEC model – NEC in a dish
	3.7.1 Inflammatory mediators studied with the organoid model

	3.8 NEC on a chip

	4 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


