
O R I G I N A L  R E S E A R C H

Despite Recovery from Necrotizing Enterocolitis 
Infants Retain a Hyperinflammatory Response to 
Injury
Katherine B Snyder 1,2, Chase L Calkins 3, Alena Golubkova1,2, Tyler Leiva1,2, Camille Schlegel1, 
Catherine J Hunter1,2

1Division of Pediatric Surgery, Oklahoma City, OK, 73104, USA; 2Department of Surgery, The University of Oklahoma Health Sciences Center, 
Oklahoma City, OK, 73104, USA; 3College of Medicine, The University of Oklahoma College of Medicine, Oklahoma City, OK, 73104, USA

Correspondence: Catherine J Hunter, Department of Pediatric Surgery, Oklahoma Children’s Hospital, 1200 Everett Drive, ET NP 2320, Oklahoma 
City, OK, 73104, USA, Email catherine-hunter@ouhsc.edu 

Background: Necrotizing enterocolitis (NEC) is the leading gastrointestinal cause of death of premature neonates. NEC is associated 
with prematurity, a hyperinflammatory response, and dysregulation of intestinal barrier function. We hypothesize that patients with 
NEC will have, and continue to have after recovery, an increased hyperinflammatory intestinal response compared to those patients 
without NEC.
Methods: Neonates with NEC, those that have recovered from NEC, and those without NEC undergoing intestinal resections had 
specimens collected and snap frozen or generated into enteroids. The enteroids were treated with 100ug/mL lipopolysaccharide (LPS) 
and subjected to 24 hr of hypoxia together, then compared with untreated controls. Expression of Tumor Necrosis Factor (TNF-α) and 
interleukin 8 (IL-8) were evaluated via RT-qPCR and ELISA to measure inflammatory response. ANOVA determined statistical 
significance (p<0.05).
Results: There was no difference in inflammatory markers in recovered NEC tissue compared to non-NEC tissue on RTqPCR 
(p=0.701 TNF-α and 0.861 IL-8). However, recovered NEC enteroids demonstrate elevated levels of inflammatory markers after 
treatment compared to non-NEC enteroids after treatment on RTqPCR (p=0.0485 TNF-α, p=0.0057 IL-8) and ELISA (p=0.0354 TNF- 
α, p=0.0011 IL-8). Recovered NEC enteroids that underwent treatment demonstrated increased inflammatory markers compared to 
recovered NEC enteroids without treatment on RTqPCR (p=0.0045 TNF-α, p=0.0002 IL-8) and ELISA (p=0.034 TNF-α, p=0.0002 IL- 
8) suggesting a heightened inflammatory response to a second hit.
Conclusion: Intestinal tissue resected from neonates with NEC has an elevated hyperinflammatory response compared to neonates 
recovered from NEC and neonates without NEC. Enteroids generated from patients that have recovered from NEC have a heightened 
inflammatory response in response to NEC inducing stimuli compared to controls. This tendency towards an increased hyperin-
flammatory state may be correlated with an infant’s proclivity to develop NEC and demonstrates the significance of a second hit on 
this tissue creating a heightened inflammatory response. This could be correlated with the impact and trajectory of an illness post 
recovery from NEC.
Keywords: necrotizing enterocolitis, recovery, hyperinflammatory, enteroids

Introduction
Necrotizing enterocolitis (NEC) is a devastating disease of premature neonates characterized by significant intestinal 
injury with severe morbidity and mortality.1,2 There are well-established associations with the disease including 
prematurity, early enteral feeding with formula feeds, intestinal barrier disruption, and an unregulated hyperinflammatory 
response.3,4 Despite these known associations and significant advances in care for these neonates, pathogenesis remains 
incompletely understood.1,4,5
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Premature neonates appear to have a heightened inflammatory state as demonstrated through studies of the premature 
immune response in extrauterine life, this could have implications in NEC development, however this has yet to be fully 
elucidated.6–8 The inflammatory cascade is recognized to play a significant role in the development of NEC, however the 
timing and significance of this needs to be further explored.4 To achieve this, our lab has demonstrated that enteroids 
taken from patients with NEC are more hyperinflammatory at baseline and have a heightened response to additional 
insult.4,9 We aim to describe this hyperinflammatory response following recovery from NEC and determine its 
significance.

While there are a paucity of data regarding the two- hit hypothesis specifically for NEC, the idea itself is well 
described in literature for a variety of disease processes. In regards to the gastrointestinal tract, inflammatory bowel 
disease (IBD) literature explores the two-hit hypothesis. Even though NEC and IBD are distinct disease processes, we 
postulate that a similar principle may apply to NEC. In IBD, it is thought that genetic susceptibility mediated by 
a dysfunctional immune system and commensal bacteria play a role in the development of intestinal inflammation, and 
a second hit from environmental factors can affect disease development further.10 To explore this two-hit hypothesis in 
NEC, we investigated the inflammatory cascade using human tissue, and human-derived enteroids from patients with and 
without NEC and post-recovery from NEC.

Materials and Methods
Human Samples
Following institutional review board approval (IRB #11610-11,611) and parental consent, we collected human neonatal 
intestinal tissue from patients already undergoing bowel resection at the Oklahoma Children’s Hospital in Oklahoma 
City, OK. For this study, premature infant patients were included, with one patient with active NEC, one patient without 
NEC, and one patient that had fully recovered from NEC. Tissue specimens were divided after collection and subse-
quently snap frozen in liquid nitrogen or washed in cold Dulbecco’s phosphate-buffered saline (DPBS, Sigma Life 
Science, #D8573, St. Louis, MO) then kept in Roswell Park Memorial Institute media (Gibco, #11875-093, Waltham, 
MA) for 24 hr or less until processed for enteroid culture. Enteroids were developed from each of the three patients used 
for this particular set of experiments.

In vitro Human Neonatal Enteroid Cultures
Within 24 hr from collection, intestinal crypts were isolated from the samples and enteroid cultures were generated per 
our previously described protocol used for crypt isolation and enteroid processing.11 Following this, the enteroid cultures 
were suspended in basement membrane matrix, Matrigel (Corning, #CB-40230C, Corning, NY) domes and grown in 
50% L-WRN conditioned media, which is supplemented with 50 ng/mL epidermal growth factor (Millipore Sigma, 
#GF144, Burlington, MA), 1 mM N-Acetylcysteine (Millipore Sigma, #A9165-5G, Burlington, MA), 500nM A-83-01 
(R&D Systems, #2939/10, Minneapolis, MN), 10uM SB202190 (Millipore Sigma, #S7067-5 MG, Burlington, MA), 10 
mM Nicotinamide (Millipore Sigma, #N0636-100G, Burlington, MA), and 10nM [leu] 15-gastrin 1 (Millipore Sigma, 
#G9145-0.1 MG). All enteroids were passaged every 5–7 days and experimented on when at full maturity, between 
passages 4 and 10 for all experiments.

Enteroid NEC Experimentation
The enteroid cultures were grown in the basement membrane matrix, Matrigel, with the supplemented media for 7–21 
days. For all experiments, the enteroids were mature at the time of experimentation determined by visualization of 
blebbing and ensuring they were 7 days from the last passage. There were on average, 300 enteroids per well at time of 
experimentation. Our lab has previously described a protocol for NEC induction in enteroids in vitro, and this protocol 
was followed for 24 hr.9 For each set of experiments, one set of enteroids underwent treatment consisting of 100 ug/ 
mL lipopolysaccharide injection into the supplemented media along with 24 hr of hypoxia to induce NEC. This time 
point was chosen per prior published protocols to induce in vitro NEC without causing frank necrosis per previous 
protocols.11,12 In order to create a translational ex vivo model similar to mammalian model systems of NEC, hypoxia 
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for 24 hr has been chosen to supplement LPS exposure for 24 hr.11,13 The other set of enteroids was untreated and used 
as control enteroids. Enteroids derived from three different patients were used for all experiments and controls. For 
each experiment, enteroids from a patient with NEC were compared to enteroids from a patient without NEC for three 
different sets and age matched to comparable cGA. The following sets were compared: enteroids from a patient with 
active NEC to enteroids from a patient that has recovered from NEC and enteroids from a patient that has recovered 
from NEC to enteroids from a patient without NEC. All experiments were performed in triplicate to enhance scientific 
rigor.

RNA Isolation, Reverse Transcription, and RTqPCR of Enteroids
Total RNA was isolated and extracted using TRIzol (Life Technologies, Carlsbad, CA) RNA was quantified for purity 
(2.0–2.1 A260/A280 ratio) and quantity using a NanoDrop Lite spectrophotometer (Thermo Scientific, Waltham, MA). 
RNA was then reverse transcribed to 0.5–2ug of complementary DNA (cDNA) using high capacity cDNA reverse 
transcription kit (Applied biosystems, #4374966, Waltham, MA). Real-time PCR results were obtained using the CFX 
Opus 96 system an iQ SYBR Green Supermix (Biorad, Hercules, CA) with 4ng of cDNA template and the final primer 
concentration was 0.5 uM. Expression levels were quantitated and normalized to GAPDH. The following primers were 
used for amplification of target cDNA: TNF-α, 5’ TGA GGT ACA GGC CCT CTG AT 3’ and 5’ CTC GAA CCC CGA 
GTG ACA AG 3’; IL-8, 5’ GGC CGT GGC TCT CTT GGC AG 3’ and 5’ TGT GTT GGC GCA GTG TGG TCC 3’; 
GAPDH, 5’ TCA AGG CTG AGA ACG GGA AG 3’ and 5’ CGC CCC ACT TGA TTT TGG AG 3’.

Enzyme Linked Immunosorbent Assay
For each set of experiment comparisons, the enteroid media was isolated and enzyme-linked immunosorbent assay was 
performed for TNF-α (KHC3011) and IL-8 (KHC0081) (Invitrogen, Waltham, MA).

RNA Isolation, Reverse Transcription, and RTqPCR of Tissue
Total RNA isolation was performed from snap frozen tissue beginning with homogenization using the Fisher Brand 
Pellet Pestle cordless motor (Fisher Scientific, Hampton, NH) and VWR disposable pestles (VWR, Radnor, PA). Samples 
were then further homogenized using Qiagen QIAshredder homogenization columns (Qiagen, Hilden, Germany) directly 
before RNA purification using a Qiagen RNeasy mini kit (Qiagen, Hilden, Germany). RNA was quantified for purity 
(2.0–2.1 A260/A280 ratio) and quantity using a NanoDrop Lite spectrophotometer (Thermo Scientific, Waltham, MA). 
RNA was reverse transcribed to a concentration of 100 ng/ul of cDNA using an Applied Biosystems (Waltham, MA) 
High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor. Quantitative Real-Time Polymerase Chain 
Reaction was performed using the CFX Opus 96 Real-Time PCR system (BioRad, Hercules, CA) and iQ SYBR 
Green Supermix (BioRad, Hercules, CA) using 4ng of cDNA template and 0.5uM final primer concentration. Relative 
gene expression was analyzed using the ΔΔCq method and normalized to GAPDH using the BioRad CFX Maestro 
software (BioRad, Hercules, CA). The following primer sequences were used for amplification of target cDNA: TNF-α, 
5’ TGA GGT ACA GGC CCT CTG AT 3’ and 5’ CTC GAA CCC CGA GTG ACA AG 3’; IL-8, 5’ GGC CGT GGC 
TCT CTT GGC AG 3’ and 5’ TGT GTT GGC GCA GTG TGG TCC 3’; GAPDH, 5’ TCA AGG CTG AGA ACG GGA 
AG 3’ and 5’ CGC CCC ACT TGA TTT TGG AG 3’.

Illumina RNA-Sequencing
Stranded RNA-seq libraries were constructed using NEBNext poly(A) mRNA isolation kit with the IDT’s xGen Broad- 
range RNA Library Prep Kit and the established protocols (New England Biolabs NEBNext, Ipswich MA, and Integrated 
DNA Technologies IDT, Coralville IA). The library construction was done using 1μg of RNA. Each of the libraries was 
indexed during library construction in order to multiplex for sequencing. Samples were normalized and pooled onto 
a 150 paired end run on Illumina’s NextSeq 2000 Platform (Illumina, San Diego, CA). A heat map of the top 30 
differentially expressed genes was then generated as an output of the standard pipelines built into the DRAGEN 
Differential Expression v4.0.3 app in Illumina’s BaseSpace as aligned quant.sf files (Illumina, San Diego, CA).
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Statistical Analysis
For all statistical analysis and result graphing, GraphPad Prism 9.4.0 (Graph Pad Software, San Diego, CA) was used. 
Student’s t-test and analysis of variance were used as appropriate for data within a normal distribution. Statistical 
significance was accepted if p<0.05.

Results
All of the following specimens were obtained from three patients undergoing a variety of operations including those for 
active NEC, intestinal atresia repair, and ostomy reversal. For each specimen, we noted the anatomic site obtained (ileum, 
jejunum, etc.), type of surgical procedure, and surgical histories for each patient. We also noted the age at birth, age at 
resection, and corrected gestational age. Patients included both male and female patients and all were premature. Corrected 
gestation age (cGA) of infants at the time of collection ranged from 36 weeks and 1 day to 46 weeks and 6 days. Among 
these infants, one underwent intestinal resections for active NEC, one underwent resection for an ostomy takedown following 
recovery from NEC, and one underwent resection for intestinal stricture repair. Recovery from NEC was determined by the 
patient’s ability to tolerate enteral feeds, have adequate ostomy output, and labs and vital signs within normal limits prior to 
ostomy reversal. In this study, the operation for the patient that had recovered from NEC was performed over 14 weeks 
following the active NEC infection and the patient had a full clinical recovery as determined from the criteria above.

Tissue Samples from a Patient with Active NEC Compared to Tissue Samples from 
a Patient Without NEC
Tissue resected from patients with NEC that was snap frozen immediately following resection expressed significantly 
higher levels of TNF-α when compared to tissue resected from patients without NEC that was immediately snap frozen 
following resection seen on RTqPCR (p=0.006). In addition to this, tissue resected from NEC patients expressed 
significantly higher levels of IL-8 when compared to tissue resected from non-NEC patients (RTqPCR p=0.031). 
Elevated levels of TNF-α and IL-8 in the tissue resected from patients with NEC at time of resection support our 
hypothesis that patients with NEC are in an elevated hyperinflammatory state (Figure 1).

Tissue Samples from a Patient That Have Recovered from NEC Compared to Tissue 
Samples from a Patient Without NEC
Tissue resected from patients that have recovered from NEC show no statistically significant difference in levels of TNF- 
α and IL-8 when compared to tissue resected from patients without NEC and immediately snap frozen. However, there is 
an upward trend in inflammatory markers seen in the tissue from recovered NEC patients compared to tissue from 
patients without NEC. This can be seen on RTqPCR (p=0.701 TNF-α and 0.861 IL-8). This suggests that despite clinical 
recovery from NEC that the tissue response from these patients is not significantly different from patients without NEC, 
in that they trend towards a greater hyperinflammatory state at baseline (Figure 1).

Tissue Samples from a Patient That Have Recovered from NEC Compared to Tissue 
Samples from a Patient with Active NEC
Intestinal tissue resected from patients with active NEC show a statistically higher inflammatory cytokine response when 
compared to tissue resected from patients that have fully recovered from NEC that was immediately snap frozen 
following resection. This is noted both in TNF-α expression and IL-8 expression by RTqPCR (p=0.014 TNF-α and 
p=0.049 IL-8). Taken together with the above results, this is supportive of patients with active NEC being in a heightened 
inflammatory state that trends downward as they recover (Figure 1).

Enteroids Derived from Tissue from a Patient with Active NEC Compared to 
Enteroids Derived from Tissue from a Patient That Has Recovered from NEC
Enteroids generated from patients with NEC who underwent treatment with LPS and hypoxia demonstrated significantly 
higher levels of TNF-α when compared to untreated NEC derived enteroids seen on RTqPCR (p=0.0003) and ELISA 
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(p<0.0023). Furthermore, NEC derived enteroids that underwent treatment had significantly higher levels of TNF-α when 
compared to enteroids developed from tissue without NEC that underwent treatment as seen on RTqPCR (p=0.0039) and 
ELISA (p=0.0061) (Figure 2).

Enteroids generated from patients with NEC who underwent treatment with LPS and hypoxia display significantly 
higher amounts of RNA and increased protein levels of IL-8 (RTqPCR (p<0.0001) and ELISA (p=0.0012)) when 
compared to untreated NEC-derived enteroids. A significantly higher level of IL-8 demonstrated in NEC-derived 
enteroids compared to enteroids from normal control patients following LPS and hypoxia treatment seen on RTqPCR 
(p=0.0001) and ELISA (P=0.0352). These findings are interesting because they suggest that there is an elevated 
hyperinflammatory response in response to an insult, the treatment with LPS and hypoxia (Figure 2).

Enteroids Derived from a Patient That Has Recovered from NEC Compared to 
Enteroids Derived from a Patient Without NEC
Enteroids developed from a patient that has fully recovered from NEC demonstrate significantly elevated levels of 
inflammatory marker TNF-α when subjected to NEC inducing treatment compared to enteroids developed from a patient 
without NEC that underwent NEC inducing treatment seen on RTqPCR (p=0.0485) and ELISA (p=0.0354). When 
comparing recovered NEC enteroids that underwent treatment to recovered NEC enteroids that did not undergo 
treatment, there was a significant difference in the amount of TNF-α present as well demonstrated with RTqPCR 
(p=0.0045) and ELISA (p=0.034) (Figure 3).

This was further demonstrated when analyzing IL-8 expression in these enteroids. When comparing recovered NEC 
enteroids that underwent treatment to non-NEC enteroids that underwent treatment, there was a significant elevation of 
IL-8 demonstrated on RTqPCR (p=0.0057) and on ELISA (p=0.0011). When comparing recovered NEC enteroids that 
underwent treatment to recovered NEC enteroids that did not undergo treatment, there again was a significant elevation in 
IL-8 seen on RTqPCR (p=0.0002) and ELISA (p=0.0002). These results are interesting and show that patients with 

Figure 1 Expression of TNF-α and IL-8 in active NEC, recovered NEC, and non-NEC snap frozen tissue samples on RTqPCR. There is a significant difference seen in both 
TNF-α and IL-8 expression when comparing active NEC tissue to recovered NEC tissue (p=0.014 TNF-α and p=0.049 IL-8) and to non-NEC tissue (p=0.006 TNF-α and 
p=0.031 IL-8). There is no significant difference seen when comparing recovered NEC tissue to non-NEC tissue (p=0.701 TNF-α and 0.861 IL-8). (*Denotes significance, 
with increasing number of *Denoting increased significance; ns denotes no significance).
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a history of NEC appear to remain primed for an elevated hyperinflammatory response compared to patients without 
NEC when subjected to an insult of LPS and hypoxia (Figure 3).

Enteroids Derived from a Patient That Has Recovered from NEC Compared to 
Enteroids Derived from a Patient with Active NEC
When comparing the enteroids from patients that have both had NEC, one with active NEC and one fully recovered from 
NEC, RTqPCR continues to demonstrate elevated levels of TNF-α between treated active NEC enteroids and untreated 
active NEC enteroids on RTqPCR (p=0.002) and ELISA (p=0.0116). Moreover, there is a significant difference when 
comparing treated recovered NEC enteroids and untreated recovered NEC enteroids on RTqPCR (p=0.002) and ELISA 
(0.0348). However, there is no significant difference when comparing treated active NEC enteroids to treated recovered 
NEC enteroids (Figure 4).

When performing the same comparisons with hyperinflammatory marker IL-8 there are significantly elevated levels 
of IL-8 between treated active NEC enteroids and untreated active NEC enteroids seen on RTqPCR (p=0.001) and 
ELISA (p=0.0005). There is also a significant difference when comparing treated recovered NEC enteroids and untreated 
NEC enteroids on RTqPCR (p=0.001) and ELISA (0.0027). There is no significant difference when comparing treated 
active NEC enteroids to treated recovered NEC enteroids (Figure 4).

These results showcase an interesting phenomenon in our enteroid model, which allows us to perform a second hit 
with the LPS and hypoxia treatment. The enteroids from both active NEC and recovered NEC tissue display a robust 

Figure 2 Expression of TNF-α and IL-8 in active NEC enteroids and non-NEC enteroids. NEC enteroids that underwent treatment demonstrate elevated levels of both 
inflammatory markers when compared to untreated NEC enteroids and treated non-NEC enteroids seen on RTqPCR and ELISA. (TNF-α RTqPCR p=0.0003 and p=0.0039 
respectively, ELISA p<0.0023 and p=0.0061 respectively) (IL-8 RTqPCR p<0.0001 and p=0.0001 respectively, ELISA p=0.0012 and p=0.0352 respectively). (*Denotes 
significance, with increasing number of *Denoting increased significance).
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hyperinflammatory response compared to controls following treatment, indicating that they are primed for an elevated 
hyperinflammatory response even post recovery from NEC.

RNA-Sequencing of Enteroids Derived from Patients with Active NEC, Recovered 
from NEC, and a Patient Without NEC
When comparing RNA-sequencing of control active NEC, recovered NEC, and non-NEC enteroids RNA to treated 
active NEC, recovered NEC, and non-NEC enteroids RNA a total of 60,610 genes were constructed in the library. Within 
the top 30 differentially expressed genes, 9 are genes involved in the inflammatory response. Of these genes, there was 
a statistically significant difference seen in the expression when comparing control enteroids versus enteroids that 
underwent NEC induction with treatment of LPS and hypoxia (p<0.0001) (Figure 5). This is supportive of our hypothesis 
that patients with NEC and those recovered from NEC have an increased proclivity to a hyperinflammatory state and tend 
to become even more hyperinflammatory following a second hit insult.

Discussion
The proinflammatory cascade is widely accepted to be activated during NEC. This is supported by an extensive body of 
prior data, both in animal and human tissue.9,11,13–15 Although infants that develop NEC are typically premature, not all 
infants who are premature will develop NEC. This makes the identifying those “at risk” infants within the premature 
subpopulation particularly necessary. Potentially, this may allow for better risk stratification of infants and opportunities 
for early intervention. Our data supports the idea that certain infants may harbor a tendency towards a hyperinflammatory 
state, even after recovery. Indeed, these studies may provide insights into why one infant develops NEC over another.9

Figure 3 Expression of TNF-α and IL-8 in recovered NEC enteroids and non-NEC enteroids. Recovered NEC enteroids demonstrate elevated inflammatory markers when 
compared to non-NEC enteroids that underwent treatment and when compared to recovered NEC enteroids that did not undergo treatment on both RTqPCR and ELISA. 
(TNF-α RTqPCR p=0.0485 and p=0.0045 respectively, ELISA p=0.0354 and p=0.034 respectively) (IL-8 RTqPCR p=0.0057 and p=0.0002 respectively, ELISA p=0.0011 and 
p=0.0002 respectively). (*Denotes significance, with increasing number of *Denoting increased significance).
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Figure 4 Expression of TNF-α and IL-8 in active NEC enteroids and recovered enteroids. Recovered NEC enteroids that underwent treatment demonstrate elevated 
inflammatory markers when compared to recovered NEC enteroids that did not undergo treatment on both RTqPCR and ELISA. (TNF-α RTqPCR p=0.002, ELISA 
p=0.0348) (IL-8 RTqPCR p=0.001, ELISA p=0.0027). Active NEC enteroids demonstrate elevated inflammatory markers when compared to active NEC enteroids that did 
not undergo treatment on RTqPCR and ELISA. (TNF-α RTqPCR p=0.002, ELISA p=0.0116) (IL-8 RTqPCR p=0.001, ELISA p=0.0005). (*Denotes significance, with increasing 
number of *Denoting increased significance; ns denotes no significance).

Figure 5 RNA-sequencing genes involved in the inflammatory response within the top 30 differentially expressed genes in control versus experiment NEC enteroids. There 
are 9 genes within the top 30 of 60,610 genes expressed on RNA sequencing of control (untreated) and experiment (treated) NEC derived enteroids. (*Denotes 
significance).
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Until recently, the extent of the hyperinflammatory state that is seen in intestinal injury in NEC had not been fully 
described.4,16,17 We have demonstrated a significant inflammatory response in an enteroid model of NEC and provided 
data indicating a persistent proclivity to hyperinflammation.9 In addition to this, we were able to delineate the impact of 
a “second hit” by analyzing tissue and enteroids that have clinically fully recovered from NEC.

We have previously demonstrated that enteroids derived from premature infants provide an in vitro model for 
studying NEC that closely mimics clinical NEC.9,12 Enteroids maintain the characteristics from the host from which 
they were derived at the time of intestinal resection, making them an ideal model for studying clinical conditions 
in vitro.12 This retained intrinsic memory has allowed us to utilize this human-derived enteroid model to closely mimic 
the impact of a second hit clinically on a patient that has fully recovered from NEC.

In our prior studies, we have shown that there is a marked increase in hyperinflammatory response demonstrated 
when comparing enteroids from patients with active NEC to those without NEC, with an even further increase 
demonstrated after undergoing induction of NEC in vitro.9 This study supported our original hypothesis that NEC 
patients are more hyperinflammatory at baseline and have a heightened response to additional injury. When studying this 
same profile of enteroids and inducing NEC in the enteroids as previously described, we were able to reproduce these 
results with a consistent increase in hyperinflammatory markers demonstrated in those with active NEC and more so 
following in vitro induction of NEC.

Through further study of this phenomenon, we were able to analyze the second hit that enteroids received when 
undergoing NEC induction in vitro by comparing enteroids from patients with active NEC to patients that have recovered 
from NEC more extensively through both tissue and enteroid analysis. When comparing tissue from patients that have 
reached full clinical recovery to tissue from those with active NEC and tissue from patients without NEC immediately 
following resection, there is a clear difference in the number of inflammatory markers between active NEC and the 
recovered NEC, while there is no difference seen between recovered NEC and the control. However, when analyzing 
enteroids made from this tissue after the treatment of LPS and hypoxia for induction of a second hit, there is a significant 
increase in the number of inflammatory markers in the recovered NEC enteroids when compared to control enteroids, and 
now no significant difference is seen between the recovered NEC enteroids and the active NEC enteroids. Representing 
the impact of a second hit on the underlying hyperinflammatory state in these patients.

NEC is known to have significant morbidity and mortality, and if these infants survive, they often times present with 
further issues as they age such as failure to thrive, intestinal strictures, intestinal failure, and other gastrointestinal 
issues.18–22 The two-hit hypothesis has yet to be fully elucidated in regard to necrotizing enterocolitis, however it is well 
accepted that NEC is associated with prematurity.1,14,23,24 Through our studies involving tissue and enteroids from 
patients that have clinically recovered from NEC, we believe we are able to expand on the two-hit hypothesis within 
necrotizing enterocolitis. When analyzing the hyperinflammatory response in tissue and following that with analysis of 
enteroids from that tissue, we are able to demonstrate the significance of multiple intestinal insults that occur in vivo in 
patients with necrotizing enterocolitis through an in vitro model. The robust inflammatory response demonstrated by the 
recovered NEC enteroids supports the theory that a second hit can play a significant role not only in NEC but in intestinal 
pathology as these patients age. While the inflammatory markers in tissue obtained from patients that had recovered from 
NEC were no different than those seen in control, we believe we were able to demonstrate that the recovered NEC tissue 
is already “primed” for an increased hyperinflammatory response when subjected to further insult through the enteroids 
model.

Limitations and Strengths
Our study is performed utilizing human tissue; therefore, our study is limited by availability of this tissue for clinically 
indicated resections. This results in us having limited patient numbers. However, our lab has developed a manner to 
enhance our scientific rigor by utilizing enteroids, which allows us to have thousands of enteroid numbers. We are 
constantly working towards collecting tissue from individual patients following clinically indicated resections to 
strengthen our patient numbers.

With that being said, utilizing human tissue is also one of the main strengths of this study. By utilizing human tissue 
and creating enteroids from the tissue, we are able to create a study design that closely mimics the in vivo conditions seen 
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in patients. Enteroids maintain their host characteristics that were occurring at the time of resection, allowing us to 
perpetuate this state and study it more closely. We are also able to follow these patients over time, for example following 
their ostomy takedowns, enhancing our research.

Conclusion
Necrotizing enterocolitis is a devastating disease seen primarily in premature neonates with an unregulated hyperin-
flammatory response. We have been able to demonstrate inflammatory response seen in NEC previously through our 
enteroid model. Through expansion of our studies, we have now been able to demonstrate the impact of a second hit on 
the inflammatory response in previously primed tissue, that of a patient that has recovered from NEC. The persistence of 
this primed response following full recovery from NEC could not only be an avenue to identify at-risk infants but also to 
potentially prevent a second hit from occurring, impacting the hyperinflammatory pathology seen as these patients age.
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