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Abstract

Neonatal shock and necrotizing enterocolitis (NEC) are leading causes of morbidity and mortality
in premature infants. NEC is a life-threatening gastrointestinal iliness, the precise etiology of
which is not well understood, but is characterized by an immaturity of the intestinal barrier, altered
function of the adaptive immune system, and intestinal dysbiosis. The complexities of NEC and
shock in the neonatal population necessitates relevant clinical modeling using newborn animals
that mimic the disease in human neonates to better elucidate the pathogenesis and provide an
opportunity for the discovery of potential therapeutics. A wide variety of animal species—
including rats, mice, piglets, and primates—have been used in developing experimental models of
neonatal diseases such as NEC and shock. This review aims to highlight the immunologic
differences in neonates compared to adults and provide an assessment of the advantages and
drawbacks of established animal models of both NEC and shock using enteral or intraperitoneal
induction of bacterial pathogens. The selection of a model has benefits unique to each type of
animal species and provides individual opportunities for the development of targeted therapies.
This review discusses the clinical and physiologic relevance of animal models and the insight they
contribute to the complexities of the specific neonatal diseases: NEC and shock.
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Introduction

Sepsis and necrotizing enterocolitis (NEC) are the most frequent acute life-threatening
inflammatory conditions among preterm neonates. Premature neonates (born before
completion of 37 weeks’ completed gestation) experience the highest incidence and impact
of sepsis among all age groups with a frequency of bacteremia during the birth
hospitalization that may be as high as 62% (1-3). In a cohort of 5,100 extremely preterm

"Correspondence: Misty Good, MD, MS, Assistant Professor of Pediatrics, Division of Newborn Medicine, Department of Pediatrics,
Washington University School of Medicine, St. Louis Children’s Hospital, 660 S. Euclid Ave., Campus Box 8208, St. Louis, MO
63110, Office: 314.286.1329, Fax: 314.286.2897, mistygood@wustl.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nolan et al.

Page 2

infants born before 29 weeks of gestation in the Eunice Kennedy Shriver National Institute
of Child Health and Human Development Neonatal Research Network, 34% experienced
sepsis (defined a positive blood culture with a bacterial or fungal organism), which was
associated with 18% mortality (4). In neonates, the bloodstream is the most common site of
infection that leads to a diagnosis of sepsis and is typically primary or central line-associated
in origin (5). Multiple studies have demonstrated that the source of neonatal bacteremia
originates from the intestine (6,7). One such intestinal disease is necrotizing enterocolitis
(NEC), an important primary abdominal source of sepsis in preterm neonates (8,9). The
incidence and mortality of NEC in very low birth weight infants is 7% and 28% respectively,
with up to 35% of affected infants requiring surgical intervention (10).

Both sepsis and NEC are preceded by nonspecific clinical signs and can rapidly progress to
shock and death even with timely recognition and treatment. Despite technological advances
in neonatal intensive care within high-resource countries over the last five decades,
management of these acute life-threatening neonatal inflammatory conditions is limited to
supportive intensive care including antimicrobial treatment, parenteral nutrition, and surgical
resection of the necrotic bowel in NEC. Death or major disability occurs in two of every five
infants affected by sepsis, and up to 30% of infants affected by NEC (11,12).

A protracted birth hospitalization complicated by sepsis and critical illness superimposed on
developmental immaturity increases associated intensive care costs; however, the significant
financial and societal impact of neonatal sepsis and NEC begins once the surviving infant is
discharged from the hospital. Preterm neonates that develop and survive sepsis at the
beginning of their lives and prior to the normal completion of in utero development, suffer
decades of consequences secondary to sepsis-induced brain injury. In addition, sepsis-
survivors suffer prolonged hospitalization and poor growth (weight and length), as well as an
increased risk for comorbid conditions at discharge including chronic lung disease,
neurologic injury, and retinopathy of prematurity (1). When evaluated at two years of age,
neonatal sepsis survivors have a greater risk of mental and psychomotor impairment, brain
atrophy (microcephaly), hearing and vision impairment, and cerebral palsy (13,14).

Studies of neonatal sepsis survivors into the second decade of life reveal persistent motor
impairment, cognitive impairment (reduced intellectual quotient), and a greater risk of
attention-deficit hyperactivity disorder even when compared to healthy prematurely-born
peers, who carry a greater risk of these complications as compared to infants born at term
(15,16). The incidence of infants with acquired sepsis is expected to rise with the global rate
of premature birth, which now accounts for greater than 11% of the 135 million annual
births internationally (17,18), and the successful resuscitation of infants at the edge of
viability (22—-24 weeks’ completed gestation) (19). Similar to the outcomes observed in
septic adults treated with immune-modifying pharmacologic interventions, attempts at
immunomodulatory treatments have also been ineffective in improving neonatal sepsis
survival (12,20). These failures illustrate that a greater understanding of the pathobiology is
needed. This review aims to describe established animal models of sepsis, shock, and NEC.
A thorough PubMed search was performed on these topics and the advantages and
limitations of the animal models were identified. Developing a relevant and reliable model
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of neonatal disease is necessary, as the impacts of early-life septic insults on long-term
outcomes cannot be accurately discerned without studying a developing organism.

Animals Models for Sepsis

In the last several decades, a variety of animal models of sepsis and shock have been used to
mimic the clinical presentation in humans. Animal models have been developed to simulate
disease in both adults and neonates, as key differences in the host immune response occur
during the transition over a lifetime from the newborn period to adulthood (8,9,20-26).
These differences in immune capabilities emphasize the need for studies in neonatal animals
rather than placing implication that adult animals challenged with pathogens respond
equivalently to affected neonates.

Immune deficits and altered immune function, as compared to immunity in children and
adults, is central to the neonate’s increased susceptibility to develop and succumb to a
fulminant infection (Figure 1) (21). Multiple clinical and preclinical investigations of both
innate and adaptive immunologic function have demonstrated that developmental age
strongly influences immune responses following stimulation (21,27-30). Therefore,
highlighting clinically-relevant modeling must extend beyond the type of specific pathogen
challenge and include studies in neonatal animals.

In this manuscript, we selected single-pathogen challenges that represent the many different
approaches to effectively model infection in neonates. The majority of neonatal single-
pathogen modeling approaches involve common bacterial pathogens that affect this age
group, including Group B Streptococcus (GBS), Escherichia coli (E. coli), Klebsiella
pneumoniae, Pseudomonas aeruginosa, Staphylococcus aureus, and Coagulase-negative
Staphylococcus (31-37). The specific pathogen, severity of challenge (colony counts), and
host site provide multiple opportunities to characterize the neonatal-specific host response to
each bacterial challenge and to assess the response to potential treatments (31,32,34-36,38—
41).

Of note, an international consensus initiative identified preclinical sepsis modeling
guidelines (Minimum Quality Threshold in Preclinical Sepsis Studies), which specifically
recommended against the use of lipopolysaccharide to be used as a model of “sepsis,” as this
approach may not adequately replicate the clinical scenario (42). Therefore, we will not
discuss those or other pathogen-associated molecular pattern (PAMP)-driven approaches.
Therapies derived from modeling sepsis using a PAMP-based approach have unequivocally
failed in adult trials. A comprehensive review of all possible pathogens and model organisms
in a single manuscript is not feasible. Towards this end, we present commonly utilized
approaches for both neonatal sepsis/shock and NEC along with their strengths and
weaknesses with respect to the clinical condition.

Rodents (Mice and Rats)

Sepsis—Rodents are the most commonly studied mammalian model system for neonatal
sepsis. There are several advantages to the study of rodents, including the availability of
reagents, large litter sizes, short gestations, and a known genome. As several studies have
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shown, rodents serve as imperfect models for humans, and as a result, findings derived using
rodent-based modeling approaches should ideally be accompanied by a demonstration of
overlapping human pathobiology (43-45). A notable limitation of the majority of murine
neonatal infectious models of both sepsis and NEC is the exclusion of antimicrobial
treatment and supportive intensive care that would accompany the disease in the human
neonate. The size of the model animal limits the possibilities for supportive care; however,
the increasing availability of depot antimicrobials with long half-lives along with very fine
gauge needles should facilitate the inclusion of antimicrobials in future studies.

Modeling of sepsis in neonatal rodents has been performed using polymicrobial
(intraperitoneal) and single-pathogen (bacterial, fungal, or viral) challenges via a number of
sites of administration including brain, lung, blood, gastrointestinal, and peritoneum.
Although there is debate regarding the clinical relevance of any bolus administration of a
pure single pathogen to a single body site, the use of single pathogen models may help to
identify pathogen-specific and compartment-specific host response capabilities that may
lead to novel therapeutic opportunities. Neonatal adaptive immune system function is
impaired and immature when compared with adults as mothers do not transfer T-cell-
mediated cellular immunity to their infants. In contrast to adults, neonatal adaptive immune
system function differs due to limited antigenic exposure before birth, underdeveloped
secondary lymphoid tissues, abundant and potent T-regulatory population, poor CD4+ T cell
function, an increased requirement for CD4+ T-cell stimulation, weak immunoglobulin
production (predominantly IgM), poor antibody class switching, poor response to
polysaccharide antigens, and poor T-cell-dependent B-cell stimulation. The altered function
of the neonatal adaptive immune system implies that the neonate heavily depends on the
innate immune system for defense against pathogenic challenges.

Polymicrobial Challenge: A Gold Standard of Neonatal Sepsis—In stark contrast
to findings in adult mice, neonatal mice that lack an adaptive immune system showed no
difference in polymicrobial sepsis survival when compared with wild-type neonatal mice
(28). Kazarian and colleagues examined the response of adult Yucatan minipigs to two
peritoneal sepsis challenges: a “fecal inoculum” and a pure culture of £. coli (46). Both
substrates were administered via a direct injection through a surgically-opened abdomen,
and it was observed that a pure £. coli challenge resulted in a rapid systemic response very
similar to that which was observed with intravenous administration of £. colior
lipopolysaccharide alone. In contrast, the fecal inoculum generated a systemic response akin
to a slower developing septic process (over three days) with the development of multiple
abdominal abscesses, pyogenic granulomas, and adhesions. Subsequently, Sam et al.
maintained the approach of a direct injection of a fecal inoculum through a surgical incision,
but transitioned the model into adult rats using a “cecal slurry” as the injection substrate
(47,48). The slurry, prepared fresh for each experiment and used within two hours of
preparation, consisted of cecal contents of donor rats mixed in 5% dextrose. The cecal slurry
model was later modified for use in mice with a focus on neonatal pups (29). The slurry was
prepared similarly to previous models by Sam et a/,, but was administered by Wynn et al. via
a simple needle-based intraperitoneal injection rather than by direct visualization through an
open abdomen (29,47) (Figure 2 and Video). The use of mice and syringe-based injection
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for the cecal slurry was associated with several advantages, including no requirement for
anesthesia or survival surgery; broad access to mouse reagents, assays, and genetic
modifications (global, conditional, tissue-specific); and a fully sequenced mouse genome. In
addition, neonatal-specific advantages include a short gestation, production of large litters of
pups, a significantly reduced risk of cannibalization (compared to the surgically-altered
neonate), and, perhaps most importantly, the ability to perform a direct comparison of
neonatal and adult host responses to sepsis (29). In addition to the technical advantages
associated with the cecal slurry model in mice, the practice of exclusive use of cecal “donor
mice” of a specific gender (female), purchased at a particular age (6 weeks), from a single
vendor and location, and used within 2 weeks of arrival, yields predictable consistency for
neonatal mortality and the host response across time, institution, and performing scientist
(25,28,29,43,44,49-51). As such, the cecal slurry model has become a cornerstone of
neonatal polymicrobial sepsis studies and has also been employed to study juvenile and
adult responses (28,29,43,44,49,50,52-62). Although there are advantages and
disadvantages to each approach of sepsis modeling (Table 1), it is worth noting that results
derived using other polymicrobial models of sepsis including cecal ligation and puncture
(CLP) may be affected by variables, including differences in microbiome composition,
research center, diet, age, gender, and individual surgical or anesthetic skill of the technician
performing the procedure. These variations can limit the utility of comparisons and findings
between research groups. Using the cecal slurry model, many of these formidable challenges
are ameliorated or circumvented entirely.

The cecal slurry model of polymicrobial sepsis is representative of the human neonatal
disease, whereas CLP remains the gold standard for adult sepsis studies (63). The kinetics of
mortality in response to cecal slurry in murine neonates begins at 12-16 hours following
substrate challenge and typically occurs within 72 hours after the challenge. This timeline
mirrors the progression to mortality in human neonatal sepsis (5,64). Adult mice exposed to
cecal slurry demonstrate earlier death and a more severe early inflammatory response
compared to CLP (29). As is required with any preclinical model of sepsis (42,65), the cecal
slurry model leads to bacteremia with end-organ colonization (29) as well as gross and
histologic organ injury with subsequent organ dysfunction and mortality
(28,29,43,44,49,50,52-62,66-69).

Necrotizing enterocolitis—The enteral induction of bacterial pathogens, as an adjunct to
human commercial formula, has been studied as a means of simulating NEC-like injury in
experimental models of rat or mouse pups (70,71). The literature describes many variations
in the chosen composition of enteral gavage feeds used in murine NEC models. Previous
studies described a unique humanized model of experimental NEC in neonatal mice induced
by using a formula composed of human commercial formula, canine milk replacer, and a
slurry of enteric bacteria isolated from a human infant with NEC. Thereafter, ischemia and
reperfusion injury in NEC is modeled with exposure to hypoxia (5% 0O5-95% N>) in a
hypoxic chamber (72). Murine NEC models have been modified by various researchers to
suit their experimental questions. For instance, enteral gavage of K/ebsiellato neonatal
mouse pups along with intraperitoneal injection of the zinc chelator, dithizone, has been
shown to induce intestinal injury and Paneth cell disruption along with a bloom of
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Enterobacteriaceae species in the small intestine resembling human NEC (73,74). Hunter
and colleagues have studied enteral exposure to Cronobacter sakazakii (previously known as
Enterobacter sakazakii) in neonatal rats subjected to intestinal epithelial injury in
experimental NEC, providing implications for the pathogenic etiology in humans (75).
Histological assessment of the intestine in human and murine NEC has demonstrated
similarities that allow for murine NEC models to provide the ability to study the molecular
mechanisms involved in the pathogenesis of NEC (76). The use of rodents in NEC modeling
has clear advantages (Table 2), although there are technical challenges involved in the care
and gavage feeding of newborn pups when compared with models using larger animals.

Although the neonatal rodent and human immune systems share central similarities, it is
important to note that rodents do not survive when born very prematurely, and premature
birth is a substantial risk factor for sepsis and NEC in humans. The size limitations of
neonatal rodents prevent complete mirroring of the clinical presentation of sepsis in human
neonates. Specifically, the ability to maintain intravascular monitoring, perform serial blood
sampling, and provide vasoactive medications and intravenous nutrition is not presently
feasible in neonatal rodents. In contrast, preterm piglets can be successfully supported after
preterm birth and may exhibit comparable organ immaturity of the lungs, gastrointestinal
tract, brain, as well as impairment in thermoregulation.

Sepsis—Newborn preterm pigs exhibit similar immature systemic immune responses to
preterm human neonates that may predispose to sepsis (77). The neonatal innate immune
system is limited by altered mucosal immunity due to decreased barrier integrity and hyper-
reactivity of intestinal epithelium (9). Reduced production of complement and antimicrobial
peptide production, distinct Toll-like receptor responses, increased baseline serum IL-18,
decreased neutrophil storage, reduced neutrophil amplification and mobilization, and
impaired antigen presenting cell function and co-stimulatory molecule production have also
been observed (20-22,25,43). Piglet models offer the possibility to model similar supportive
care, such as parenteral nutrition and mechanical ventilation.

Similar to rodents, single pathogen and polymicrobial challenges (such as CLP and cecal
slurry) to induce infection have been explored using piglets (33,77-84). The ability to
evaluate hemodynamic parameters in piglets has proved useful in studies modeling neonatal
septic shock. Lobe et a/. used an infant pig model to monitor hemodynamics of shock as a
potential early detector of disease (78). In this method, a slurry of pig feces and £. coli
mixed in saline and administered to the animals by intraperitoneal injection, induced an E.
coli peritonitis with septic shock. Measures of hemodynamics were monitored via arterial
and venous femoral catheters and serial determinations of certain parameters were
associated with an early ability to predict Gram-negative septic shock (78). As GBS is a
common pathogen that is associated with sepsis in neonates, a study by Gibson ef a/. used a
neonatal piglet model to study nitric oxide (NO) production in GBS sepsis and the effect of a
nitric oxide synthase inhibitor on the pulmonary and systemic hemodynamics. The piglets
underwent cannulation of the aorta, external jugular vein, and pulmonary artery to monitor
hemodynamic parameters. GBS sepsis was induced via GBS infusion, in contrast to saline
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infusion in the control group. The piglets then received a treatment infusion of a NO
synthase inhibitor, which ultimately resulted in increased pulmonary arterial pressures and
pulmonary vascular resistance, implicating that a NO synthase inhibitor is likely a
contraindicated treatment option in human neonatal GBS sepsis (33). Respiratory distress
and sepsis secondary to GBS pneumonia are common in the preterm neonatal population
and replicating this clinical scenario along with an assessment of the benefits of treatment
with exogenous surfactant have been successfully implemented in piglet models (80).

Evaluation of cerebral perfusion, with the risk of cerebral ischemia and neuronal damage as
seen in neonatal sepsis or bacterial meningitis, is also feasible for study in a newborn piglet
model. Cisternal suboccipital puncture with needle maintained in situ allows for continuous
ICP monitoring and sampling of cerebrospinal fluid (79). In a study in which bacterial
meningitis was induced by injecting £. coliinto the cisternal magna and intravascularly,
followed by dopamine infusion, adequate cerebral perfusion pressure was observed when
compared with controls without dopamine infusion (79). In a recent piglet model of
endotoxic shock with placement on extracorporeal membrane oxygenation (ECMO),
cerebral perfusion and hemodynamics were studied when endotoxic shock was induced with
E. coliintravenous injection (85). The ability to evaluate the effect of ECMO on changes in
cerebral perfusion in endotoxin exposure is a feature that is unique and unable to be
performed in a rodent model. It is worth noting, however, the potential drawbacks to
consider for the use of piglets to model neonatal sepsis include costs of animals and housing,
long gestation (approximately four months), fecundity, and reagent availability as reviewed
in Table 2.

Necrotizing enterocolitis—Dysfunction of the gastrointestinal tract is implicated in
sepsis and the piglet gastrointestinal tract has been described as similar to humans in
anatomic and physiologic structure and microbiome composition, permitting the study of
preterm intestinal function and NEC (37,70,71,86-88). Similar to murine models, piglet
models of NEC have been produced using hypoxia, hypothermia, and enteral feedings as an
adjunct to human commercial formula. One experimental model involved premature delivery
of piglets with the induction of NEC using gavaged enteral formula feeds composed of
commercial infant formula, MCT oil, whey protein additive, and a slurry of enteral bacteria
from a human infant with NEC (72). In another study, Nguyen and colleagues challenged
premature piglets with intraperitoneal Staphylococcus epidermidis, a causative organism of
late-onset sepsis in preterm human infants, and minimal enteral nutrition to induce
experimental NEC. They demonstrated the presence of circulating cell-free DNA levels in
the plasma of neonatal piglets with NEC, indicating a potential blood biomarker to be
evaluated in human NEC (37). In seeking to develop therapeutics for NEC, the anti-
inflammatory benefits of human milk oligosaccharides (HMOs) have been studied in a
preterm piglet model of NEC (87). Most recently, Roy and colleagues fed newborn female
piglets with human infant formula and £. coliisolated from the stool of human infants with
NEC to investigate the implications of bacterial fermentation of non-hydrolyzed lactose
(89). They found newborn piglets that received the bacteria-fermented formula developed an
increased production of short-chain fatty acids (SCFA) and exaggerated intestinal
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inflammation compared to the bacteria only or formula fed only groups, suggesting that
SCFA may contribute to the intestinal inflammation seen in human NEC (89).

The involvement of nonhuman primates (NHP) has been vital in scientific advancement due
to the high degree of physiologic and anatomical similarity to humans, permitting replication
of human disease. Specifically, rhesus macaque monkeys are an established model of human
disease, and the neonatal rhesus macaque model has maintained a significant role in the
study of congenital or acquired infections. The similarities between nonhuman primates and
humans in reproductive regulation permits investigation of the intrauterine environment,
maternal-fetal relationships, and neonatal outcomes. Preterm baboons delivered at 67%
gestation have a similar clinical course to preterm human infants delivered at 25-27 weeks
of gestation (90,91). Kelleher et al. developed a NHP model of infection-induced premature
birth via induction of intra-amniotic infection with Ureaplasma parvum and thereafter,
assessed postnatal outcomes in the preterm rhesus macaque infant (92). The study permitted
the assessment of inflammatory brain injury following exposure to intrauterine infection,
which in the human preterm neonate can increase their risk of long-term
neurodevelopmental deficits and cerebral palsy diagnosis (92).

Sepsis—Similar to the aforementioned animal models, neonatal GBS infection has also
been studied in a rhesus monkey model, in which GBS suspended in amniotic fluid was
deposited intratracheally into the carina or via nasogastric tube into the stomach to induce
bacteremia, sepsis, or pneumonia (93). GBS immunoglobulin was then administered, which
subsequently proved the ability to prevent serious bacteremia and sepsis in the infected
monkeys, indicating a possible therapeutic for human neonatal GBS infection (93).

The presence of bacterial endotoxin in the blood of bacteremic patients has been an essential
observation in the correlation in septic shock and is associated with high mortality. In a
macaque model of septic shock, £. coliendotoxin of two different doses was injected
intravenously to two groups and hemodynamic parameters and plasma concentrations of
endotoxin were monitored (94). A biphasic clearance pattern of endotoxin was noted, which
has the potential for therapeutic targeting (94).

Necrotizing enterocolitis—NHPs are useful in the understanding of NEC pathogenesis,
as preterm baboon NEC can clinically and radiologically resemble human NEC. In one
study, intestinal tissue samples from preterm baboons with NEC-like intestinal injury were
noted to demonstrate features similar to human NEC, as the samples were deficient in
transforming growth factor-B2 (TGF-B2) expression and exhibited similar inflammatory
changes with increased expression of cytokines such as interleukin (IL)-1p and IL-8 (90).
This same study provided further insight into NEC pathogenesis, as the cases of NEC were
correlated with increased tissue expression of Smad7, which was also noted to suppress
TGF-p2 expression upon exposure to LPS in cell culture (90). This insight into the
inflammatory changes in NEC using a preterm baboon model provides an opportunity for
future study of Smad7 as a potential therapeutic focus in NEC management.
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Despite the vital role of NHPs in the advancement of human biomedical research, several
core ethical issues require consideration. Primate research remains controversial due to the
high cognitive capacity and social behavior of NHPs, which has influenced guidelines for
experimental use of NHPs in research to reduce suffering and pain and promote
psychological well-being (95). The use of NHPs as a relevant model of diseases, such as
sepsis and shock, is valuable in understanding biological processes that are unique to
humans. Still, feasibility is limited by the resources required to maintain primate models,
due to the expense, large size, and moral obligation to reduce undue stress and suffering of
the animals.

The understanding of the mechanisms involved in neonatal sepsis, shock, and NEC continue
to evolve. Experimental animal models have transformed scientists’ ability to mimic the
complex human physiology of the immature intestinal epithelium, gastrointestinal microbial
community, and inflammatory pathways, particularly in neonatal disease. The selection of a
clinically-relevant animal has advantages unique to each mammal and provide individual
opportunities for the development of targeted therapies. Alternative techniques have since
emerged that seek to replicate the physiologic aspects of disease in an in vitro
microenvironment using stem cells in conventional organoid cultures or in the more complex
organ-on-a-chip models. These novel platforms of disease modeling may provide innovative
insights into disease pathogenesis as well as patient-derived microphysiological systems of
neonatal sepsis, shock and NEC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Characteristics of Neonatal Innate and Adaptive Inmune Responses

Innate Immunity

Adaptive Immunity

C Inadequacy of the physical barrier ) C

Deficiency in serum immunoglobulins

D

- Thin stratum corneum and absence of vernix
in preterm infants

- Serum IgG is acquired from maternal placental transfer

- 1gA, IgD, IgM, and IgE do not cross the placenta in
significant concentrations
- Primary postnatal source of IgA is human milk

( Decreased expression and activity of serum complement ) C Decreased ability of B cells to produce class-switched antibodies )
C Limited function of neutrophils ) C Diminished production of cytokines by T cells )

- Decreased expression of adhesion molecules O - Diminished pro-infl y resp , in favor of a

- Impaired recrui and chemotaxi O Th2 profile

- Reduced opsonization and phagocytosis of bacteria O O - Skew towards Th17 profile with increased secretion of

IL-6 and IL-23

C Diminished activity of natural killer cells ) ( Increased proportion of regulatory T cells )
C Impaired barrier function of the Gl tract ) C Variable T cell response to infectious pathogens

- Dysregulation of tight junction proteins o - Poor Th1 resp upon exposure to inft viral

- Deficiency of lymphocytes in the lamina propria M L and bacterial pathogens . B

- Altered and less diverse intestinal microbiome & "\ -Increased pibility to requiring T cell

cytotoxicity for defense

( Deficient pro-inflammatory cytokine production (IFN-y and TNF-a) ) ( Diminished expression of CD40 ligand required for T cell function

Figure 1. Characteristics of Neonatal I nnate and Adaptive | mmune Responses.
Newborn infants have distinctive features of the innate and adaptive immune responses when

compared with adults. These characteristics result in immune deficits in the infant,
particularly in those born preterm. Figure created with Biorender.com.
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Figure 2.
Demonstration of a simple needle-based intraperitoneal injection of a bacterial slurry to

induce sepsis in a neonatal mouse.
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Approach to inducing and simulating necrotizing enterocolitis and neonatal sepsis in animal models.

Approach to Inducing
Disease

Advantages

Disadvantages

References

Enteral gavage of a slurry of
commercial formula + enteric
bacteria, often followed by
exposure to hypoxia

Does not necessitate injection
or surgical alteration.

Technical challenges involved in feeding
newborn pups.

70,71,72,73,74, 75, 88,
89, 90, 93

Polymicrobial or single
pathogen injection through a
surgical incision

Induces a prompt state of
sepsis and septic shock.

Increased risk of cannibalization with
surgical alteration.
Requires anesthesia and survival surgery.

47,48

Polymicrobial (Cecal Slurry
Model) or single pathogen
Intraperitoneal injection

Procedure does not necessitate
anesthesia or survival surgery.
Reduced risk of
cannibalization.

Technical challenges involved in injecting
newborn pups and avoiding trauma to
abdominal organs.

28,29, 37, 43, 44, 45, 46,
49, 50, 51, 52, 53, 54, 55,
56, 57, 58, 59, 60, 61, 62,
63, 66, 67, 69, 78

Cecal ligation and puncture
(CLP)

Widely accepted and effective
model of sepsis in adult
animals.

Associated with high mortality of the
animal due to the rapid state of sepsis.
Technical differences in the location of the
placement of the ligating suture prevents
quality reproduction of studies.
Technically challenging in small animal
models.

Increased risk of cannibalization.

29, 57, 63, 81, 82, 83

Intravenous infection of a
bacterial pathogen

Provides a direct inoculum of
bacteria to the bloodstream.

Intravenous access may be challenging to
obtain in small animal models.

33, 84, 85,94
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Summary of advantages and limitations of modeling of necrotizing enterocolitis and neonatal sepsis.

Organism Advantages Limitations

Reagents are widely available. Technical difficulties with maintenance and

Low cost. feeding newborn pups.

Large litter size with short gestation. Inadequate for assessing response to
Rodents (Mice  Known genome with genetic similarities to humans and available knockout antibiotics or supportive care following
and Rats) strains. induction of disease.

Similarities of the gastrointestinal tract function including in response to Inability to study disease in prematurity as

intestinal injury. rodents have poor survival with preterm

birth.

Size comparable to the human infant. Long gestational period.

Preterm birth and disease in the setting of prematurity can be supported and High cost of maintenance and housing.

studied. Reduced availability of reagents.
Piglets Similarities in anatomy, development and immune response.

Able to monitor response to supportive care measures such as parenteral

nutrition and mechanical ventilation.

Ability to monitor hemodynamics, pulmonary function, and cerebral

perfusion in response to disease.

High degree of physiologic and anatomic similarity. Controversial and ethical concerns in the use
Nonhuman Ability to study long-term outcomes and neurodevelopmental deficits. of nonhuman primates in research.
Primates Preterm birth and congenital or acquired infections can be studied and High cost of maintenance and housing.

supported.
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