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Abstract
Background  Necrotizing enterocolitis (NEC) is a critical gastrointestinal disease in preterm infants, for which no 
specific treatment is established. We previously demonstrated that thrombin-preconditioned mesenchymal stromal 
cell-derived extracellular vesicles (thMSC-EVs) enhance protection against other neonatal tissue injuries. Therefore, this 
study aimed to evaluate the therapeutic potential of thMSC-EVs in modified in vitro, in vivo, and organoid models of 
NEC.

Methods  In vitro, the effects of thMSC-EVs and naïveMSC-EVs were compared in hyperosmotic, ischemic, and 
hypothermic (HIT)-stressed IEC-6 cells and LPS-treated peritoneal macrophages. In vivo, NEC was induced in P4 
mouse pups by three cycles of formula feeding, oral LPS administration, hypoxia, and hypothermia, followed by 
overnight dam care. 2 × 109 thMSC-EVs were intraperitoneally administered daily for three days, and the therapeutic 
effects were assessed macroscopically, histologically, and biochemically. NEC mouse-derived organoids were 
established to evaluate the thMSC-EVs’ effect in mature enterocytes. LC-MS/MS was performed to analyze the EV 
proteomics.

Results  In vitro, compared with naïveMSC-EVs, thMSC-EVs significantly improved cellular viability in HIT-induced 
IEC-6 cells and reduced pro-inflammatory (IL-1α, IL-1β, TNF-α) but increased anti-inflammatory (TGF-b) cytokine 
levels in LPS-treated peritoneal macrophages. In vivo, thMSC-EVs significantly attenuated clinical symptoms, reduced 
intestinal damage, and retained intestinal stem cell markers, showing more significant localization in NEC-induced 
intestines than in healthy intestines. In NEC mouse-derived organoids, thMSC-EVs significantly increased OLFM4 and 
claudin-4 expression and reduced stress-related markers such as sucrase-isomaltase, defensin, and chromogranin A. 
Proteomic analysis revealed that thMSC-EVs were greater enriched in anti-apoptotic, anti-inflammatory, cell adhesion, 
and Wnt signaling pathways than naïveMSC-EVs.
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Background
Necrotizing enterocolitis (NEC) is a devastating neona-
tal gastrointestinal disease, particularly in very low birth 
weight infants, with an incidence of approximately 7% 
and an average mortality ranging from 20 to 30% [1–7]. 
NEC is a multifactorial disease of uncertain etiology 
associated with prematurity, enteral formula feeding, 
gut dysbiosis, infection, hypoxia, and hypothermia, con-
tributing to the ambiguous nature of its pathophysiology 
[8, 9]. Despite advances in neonatal care, NEC remains a 
challenge with high mortality and morbidity, including 
the abrupt development of severe necrosis and inflam-
mation, frequently requiring bowel resection, leading to 
short bowel syndrome and subsequent poor long-term 
neurodevelopment [10]. The persistent lack of NEC 
therapies adds to this challenge, and the development of 
NEC-targeted therapeutics is critical.

Multiple sources of stem cells, including MSCs, amni-
otic fluid stem cells, and placenta-derived stem cells, have 
been studied in NEC experimental models to develop 
novel NEC therapies [11–17]. The therapeutic effect of 
MSCs is mediated by extracellular vesicles encapsulat-
ing and delivering the MSCs’ secretome to the injured 
area [18, 19], and several studies have investigated the 
therapeutic efficacy of MSC-derived extracellular vesicles 
(EVs) in NEC experimental models [20, 21]. We previ-
ously demonstrated that thrombin preconditioning pre-
pares MSCs before transplantation by exposing them to 
a hemorrhagic injury-mimicking environment, ultimately 
enhancing their ability to secrete therapeutic cargo. Our 
previous study comparing different preconditioning 
methods with relevant neonatal injuries, such as hemor-
rhage, oxidative stress, and inflammation using thrombin, 
H2O2, and LPS, respectively, confirmed that throm-
bin was most effective in boosting EV biogenesis and 
angiogenic EV cargo enrichment via protease-activated 
receptor-mediated (PAR)-1 signaling pathways [19, 22]. 
Compared with naïve MSCs, thMSCs showed greater 
tissue-protective effects in animal models of hypoxic-
ischemic encephalopathy and intraventricular hemor-
rhage (IVH), mediated by BDNF [23–25]. Subsequently, 
we confirmed the therapeutic efficacy of thMSC-EVs in 
other intractable disorders, such as neonatal meningitis 
and E. coli-induced acute lung injury animal models [26, 
27].

Altogether with repeated confirmation of the anti-
inflammatory, anti-apoptotic, and tissue-protective 
effects of thMSCs and thMSC-EVs in neonatal intractable 

brain and lung disorders, this led us to explore whether 
these safer, cell-free EVs could offer similar benefits for 
NEC, a condition for which is characterized by severe 
acute inflammation, tissue injury, intestinal stem cells 
(ISCs) damage, and breached mucosal barrier and which 
no effective therapy has been established. Given the 
association of NEC pathophysiology with hemorrhage 
[28], we aimed to investigate the potential relevance of 
thMSC-EVs as a therapy. This study mimicked the patho-
physiology of NEC using a newly established NEC in 
vitro model to compare the therapeutic efficacy of naïve 
MSC-EVs and thMSC-EVs, and analyzed their cargo 
proteomics. We further used the modified NEC in vivo 
model and its derived organoids to assess thMSC-EVs’ 
therapeutic efficacy.

Methods
Ethics statements
Human WJ-MSCs from a single donor were provided by 
the Samsung Medical Center Good Manufacturing Prac-
tice Facility (IRB approval number: 2016-07-102-043). 
All animal studies were reviewed and approved by the 
Institutional Animal Care and Use Committee (approval 
numbers: 20231115001 and 20230116001) of Research 
Institute for Future Medicine (RIFM) of the Samsung 
Medical Center. RIFM is an Association for Assessment 
and Accreditation of Laboratory Animal Care Inter-
national accredited facility and abide by the Institute 
of Laboratory Animal Resources guide. This study was 
conducted in accordance with the ARRIVE guidelines. 
Euthanasia followed the American Veterinary Medical 
Association (AMVA) Guidelines for the Euthanasia of 
Animals (2020).

Thrombin-preconditioned Wharton’s jelly (WJ)-MSC-
derived EV production
WJ-MSCs at passage 7, which were cultured, expanded, 
and characterized according to the minimum criteria set 
by the International Society for Cell Therapy (Supple-
mental Fig. 1 A-B) were used for thrombin precondition-
ing and EV isolation, as previously described [27]. Briefly, 
WJ-MSCs were preconditioned with serum-free MEMα 
with or without 20 units/mL of thrombin (Reyon Phar-
maceutical Co., Ltd., Seoul, South Korea) for 3 h [23]. The 
conditioned medium from naïve and thMSCs were diafil-
trated in Dulbecco phosphate buffered saline (DPBS) 
(Welgene, Daegu, South Korea) using a tangential flow 
filtration system (KrosFlo® KR2i, Repligen; Waltham, 

Conclusion  thMSC-EVs improved cellular viability, reduced apoptosis, attenuated inflammation, and upregulated key 
intestinal stem cell markers, collectively suggesting their tissue-protective effects and highlighting their potential as a 
treatment for NEC.
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MA, USA) with 300-kDa pore-sized mPES membrane 
to filter out debris and collect EVs. The quantity and sur-
face markers of the isolated EVs were confirmed, as pre-
viously described (Supplemental Fig. 1C,D) [27]. Naïve 
and thMSC-EVs were diluted to a final concentration of 
2 × 1010 EVs/mL and stored at -80 °C until use.

EV proteomic analysis
Liquid chromatography with tandem mass spectrometry 
(LC-MS/MS) analysis of isolated EVs was performed by 
ebiogen Inc. (Seoul, South Korea) to compare the pro-
teomics of naïve MSC-EVs and thMSC-EVs. Isolated EVs 
underwent acetone precipitation, reduction, alkylation, 
and digestion before the analysis. Nano LC-MS/MS sys-
tem (Nano-LC Ultimate 3000 & Thermo Orbitrap Explo-
ris 480; Thermo Fisher Scientific, Waltham, MA, USA) 
was used. Data was analyzed using SAGE data depen-
dent analysis and UniProt database. Data was interpreted 
using DAVID Bioinformatics (National Institutes of 
Health, Bethesda, MD, USA) Total of 1449 proteins were 
detected. Bubble plots were visualized using ExDEGA 
Graphic Plus software by ebiogen Inc. The detailed 
method can be found in the Supplementary Material 1.

Multiple-hit in vitro model
IEC-6 cells were obtained from ATCC and maintained 
in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% FBS and 1% penicillin/streptomycin 
in a 5% CO2 humidified chamber. In all in vitro experi-
ments, IEC-6 cells (2 × 105 cells/mL) were seeded in 96-, 
24-, and 12-well cell culture plates (Thermo Fisher Scien-
tific, Waltham, MA, USA) and stabilized for 24 h. Naïve 
and thMSC-EVs were 1:10 diluted in the culture media 
to a final concentration of 2 × 109 EVs/mL for treatment.

Induction of hyperosmotic, ischemic, and hypother-
mic stress (HIT) was performed by replacing the media 
with 1% v/v dextran sodium sulfate (DSS) supplemented 
with serum and glucose-free DMEM incubated in 1% 
O2 chamber at 32 °C for 24 h. DSS is a 40-kDa molecule 
commonly used in inflammatory bowel disease (IBD) 
models to induce hyperosmotic stress [29–31]. After 
24  h, the media were replaced with serum-free DMEM 
treated with 1:10 diluted DPBS (HIT group), naïveMSC-
EVs (HIT + naïveEV), or thMSC-EVs (HIT + thEV group).

Inflammatory in vitro model
Primary rat peritoneal macrophages (PMs) were collected 
from P11 Sprague-Dawley rats. Rats were euthanized 
using a lethal dose of isoflurane in a closed chamber. 
After sacrifice, 3 mL of DMEM was intraperitoneally 
injected and collected using a 3-mL syringe. The collected 
peritoneal fluid was centrifuged at 500×g for 10 min and 
cultured in 6-well plates (Thermo Fisher Scientific). After 
24  h of stabilization, media were replaced with 0.1  µg/

mL LPS (O111:B4; Sigma Aldrich; Burlington, MA, 
USA) in serum-free DMEM with a 1:10 volume dilu-
tion of PBS (LPS group), naïveMSC-EVs (LPS + naïveEV 
group), or thMSC-EVs (LPS + thEV group). Cells were 
incubated in 1% O2 hypoxic chamber for 24  h, and the 
CM was collected. The IEC-6 cells were treated with the 
collected CM for 24 h (LPS CM, LPS + naïveEV CM, and 
LPS + thEV groups). Inflammatory cytokine levels in the 
CM were also measured using ELISA.

Cell viability
Cell viability was measured using CCK-8 assay (Dojindo 
laboratory; Kumamoto, Japan). 1:10 CCK-8 reagent 
diluted to serum-free DMEM media were treated to IEC-
6, incubated for 10 min, and measured at 450 nm using a 
microplate reader.

NEC mouse model
The work has been reported in line with the ARRIVE 
guidelines 2.0 and the inclusion and exclusion criteria 
were established a priori. The NEC induction proto-
col was modified based on several animal models and 
prepared before the study [32–34]. Postnatal day 4 (P4) 
outbred ICR strain mouse pups weighing 2.5–3  g were 
used. ICR mice show high genetic variance and repro-
duction rate, yielding about 11 pups. The mice were ran-
domly divided into the following experimental groups: 
normal control (CON), NEC control (NEC), and NEC 
treated with EVs (NEC + thEV). In each experimental 
set, 4, 10, and 10 pups were allocated to CON, NEC, and 
NEC + thEV groups, respectively, considering that 14 lit-
ters per surrogate mother are provided by the laboratory 
animal supplier and considering the primary outcome 
established a priori. Any mouse pup that lost significant 
weight was considered for humane endpoint, but none 
was observed. Every morning at 9 am, mouse pups were 
separated from the dam, and their body weights were 
measured. In total, 60 µg LPS (6 µL of 10 µg/µL LPS) was 
orally administrated to mouse pups using a 10-µL pipette. 
The hyperosmolar formula was prepared by adding the 
powdered formula (7.5  g) (Maeil, Seoul, South Korea) 
to 30 mL of Esbilac liquid puppy replacement milk (Pet 
Ag, Hampshire, Illinois, USA). 100 µL/3  g body weight 
of hyperosmolar formula was gavage-fed to mouse pups 
using a 22-gauge (G) feeding tube (FTP 22–25; Instech 
Laboratories Inc., Plymouth Meeting, PA, USA) and a 
1-French G polyurethane catheter (HC-SP130; Insung 
Medical; Gangwon-do, South Korea). Hypothermia was 
induced in the fed mice by exposure to 4 °C for 10 min, 
followed by hypoxia induction by exposure to 5% O2 95% 
N2 gas in the chamber for 20 min. Next, 100 µL of PBS 
or 2 × 1010 / mL thMSC-EVs were intraperitoneally (IP) 
administered at 9 am for three consecutive days immedi-
ately after hypoxia exposure, using a 1-mL insulin syringe 
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(6-mm needle; 320320; BD Bioscience, Franklin Lakes, 
NJ, USA). The dosage was referenced from other studies 
that treated 2.5 × 109 EVs per NEC-induced animal [20, 
21]. Three cycles of gavage feed, hypoxia, and hypother-
mia induction were performed every 4  h daily. Mouse 
pups were placed in 36  °C incubator in between cycles 
for body temperature stabilization without the dam. At 
6 pm, immediately after the final induction, mouse pups 
were returned to their cages with a dam together with 
CON pups overnight. At P7, for tissue collection, mouse 
pups were euthanized in a closed chamber using a lethal 
dose of isoflurane (Hana Parm Co., LTD; Seoul, South 
Korea). Dams were euthanized using a CO₂ euthanasia 
chamber, followed by a cervical dislocation. Body weight 
and survival were assessed daily, and only those that sur-
vived the completion of the study were included in the 
analysis. The protocol was performed in the same order 
and at similar times to minimize potential confounders. 
The primary outcome measure in determining the sam-
ple size was histological damage score.

Clinical sickness score
The clinical sickness score was measured in each pup at 
P7, immediately before sacrifice, by a single investigator 
blinded to the experimental group. The scoring rubric 
developed by Zani et al. was modified for this study [33] 
(Table 1)

In vivo and ex vivo near-infrared fluorescence (NIRF) 
optical imaging
The thMSC-EVs were tagged with green fluorescent 
PKH67 (Sigma Aldrich) or subjected to NIRF opti-
cal imaging. At room temperature, 6  µg of PKH67 was 
incubated with 1 mL of thMSC-EVs for 5  min. The 
thMSC-EVs were washed and ultracentrifuged to collect 

thMSC-EVs and remove free dyes. In healthy CON mice, 
optical NIRF imaging was conducted at 3 and 24 h after 
the administration of PKH-tagged thMSC-EVs. To com-
pare the distribution of thMSC-EVs between CON and 
NEC groups, PKH-tagged thMSC-EVs were administered 
using an in vivo protocol. Optical NIRF imaging was con-
ducted at P7. Details of the imaging procedure are speci-
fied in the Supplementary Material 1.

Tissue preparation for histological analysis
Immediately after sacrifice, the ileum was swiss-rolled 
into a cassette, fixed with 4% paraformaldehyde, and 
embedded in a paraffin block so that the slides could be 
longitudinally sectioned. Embedded tissues were sec-
tioned into 4-µm thick slides. The cross-sectional slide 
that showed the intestinal wall and villi longitudinally 
was selected for hematoxylin and eosin and immunoflu-
orescence staining. For all histological analyses, a single 
investigator who was blinded to the experimental group 
scored the six images taken from each histological slide.

Histological damage score measurement
Images taken under 20× magnification using a light 
microscope were used. The histological damage score 
was measured using the following criteria: grade 0, intact 
villi and eosinophilic cytoplasm; grade 1, intact villi 
and pale cytoplasm; grade 2, loss of villi and pale cyto-
plasm; and grade 3, severe sloughing of villi resulting in 
areas without villi. An established score rubric [33] was 
modified for this study, and a single investigator who was 
blinded to the experimental group measured the histo-
logical damage score.

Establishment of the NEC mouse-derived organoids
The organoids were independently established from six 
NEC-induced mice following the established protocol 
(Supplementary Material 1) [35]. Each mouse organoid 
was differentiated and supplemented with PBS (NEC) or 
thMSC-EVs (NEC + thEV). Basal media containing EGF, 
noggin, and R-spondin (ENR medium) supplemented 
with a 1:10 dilution of PBS or thMSC-EVs were replaced 
every 48 h for 7 days. On day 7, organoids were collected 
for RNA isolation. Differentiation was confirmed through 
immunofluorescent staining of E-cadherin, MUC2, 
OLFM4, villin, and chromogranin A and by quantifica-
tion of budded organoids.

TUNEL assay
To analyze dead cells, TdT-mediated dUTP Nick-End 
Labeling (TUNEL) assay was performed using the Dead-
End™ Fluorometric TUNEL System (Promega, Madison, 
WI, USA), according to the manufacturer’s instructions.

Table 1  Rubric for the clinical sickness score
Clinical Sickness Score Rubric
Score Appearance Respiration Response 

to Touch
Natural 
Activity

Body 
Color

0 Tonic & well 
hydrated

Normal Alert 
without 
stimulation

Normal Pink

1 Slimmer but 
still tonic & 
hydrated

Gasping Respond-
ing to mild 
stimulation

Able to 
strongly 
wriggle 
if placed 
supine

Pale 
ex-
trem-
ities

2 Skinny, floppy, 
& dehydrated

Visible chest 
retraction

Respond-
ing to 
vigorous 
stimulation

Able to 
weakly 
wriggle 
if placed 
supine

Pale 
body

3 Gasping & in 
agony

Unable to 
breathe

Unrespon-
sive

Not mov-
ing & lying 
still

Gray
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ELISA
For mouse intestinal cytokine measurements, the col-
lected ileum was homogenized in PBS supplemented 
with a protease inhibitor (Invitrogen, Carlsbad, CA, USA) 
using a homogenizer (DWK Life Sciences, Wertheim, 
Germany). Cell culture media were used for the in vitro 
cytokine measurements, and the 5-plex Rat Luminex 
Discovery assay and 5-plex Mouse Luminex Discovery 
assay, each including interleukin (IL)-1α, IL-1β, IL-6, 
tumor necrosis factor (TNF)-α, and transforming growth 
factor (TGF)-β (R&D Systems, Minneapolis, MN, USA), 
were used following the manufacturer’s instructions.

Immunofluorescent staining
The tissue slides were deparaffinized and boiled for 
20  min in Tris-EDTA buffer (Biosesang, Gyeonggi-do, 
South Korea) for antigen retrieval. Cell cultures fixed in 
4% paraformaldehyde were permeabilized in 0.1% Tri-
ton-100 supplemented with PBS. Primary antibodies 
were incubated overnight at 4 °C, washed, incubated with 
secondary antibodies for 2  h at room temperature, and 
counterstained with DAPI. Tissue slides were mounted 
with a fluorescence mounting medium (DAKO, Santa 
Clara, CA, USA) and stored at 4  °C. The following pri-
mary antibodies were used: E-cadherin (1:1000; BD 
Bioscience), MUC2 (1:1000; Abcam, Cambridge, UK), 
chromogranin A (CHGA) (1:500; ImmunoStar, Hud-
son, WI, USA), lysozyme (1:1000; Abcam), and OLFM4 
(1:1000; Cell Signaling, Danvers, MA, USA).

Organoids were stained using the protocol “Perform-
ing Immunocytochemical Staining of Epithelial Organ-
oids” provided by STEMCELL Technologies (Vancouver, 
BC, Canada). Primary antibodies were diluted 1:100 for 
organoid staining.

Cell quantification
All images were captured under the same confocal micro-
scope settings and analyzed by a blinded single investi-
gator. Six random areas were analyzed per sample. The 
counted cell numbers in the histological slides were nor-
malized to the intact villi represented by the DAPI inten-
sity. Cultured cells were normalized to the total number 
of cells, which was calculated using ImageJ software 
(National Institutes of Health, Bethesda, MD, USA). The 
numbers of MUC2- and TUNEL-positive cells were auto-
matically calculated using ImageJ software using thresh-
old, binary, watershed, and measurement functions.

Western blot analysis
Cells were removed from the medium, washed, replaced 
with RIPA buffer (Biosesang) supplemented with a pro-
tease inhibitor (Invitrogen), scraped using a cell scraper 
(SPL, Gyeonggi-do, South Korea), and collected in 1.5-
mL tubes. The cells were sonicated and centrifuged at full 

speed for 15  min at 4  °C. Protein extracts were quanti-
fied using a BSA protein assay kit (Thermo Fisher Scien-
tific). The proteins were diluted to a final concentration 
of 200  µg/mL. SDS-PAGE gel electrophoresis was per-
formed. Bolt Tris-Bis plus mini 6% polyacrylamide gels 
(Invitrogen) were used for ZO-1 detection and 4–12% 
gels (Invitrogen) were used for GAPDH detection. The 
gels were transferred at 100 V for 1 h 30 min. Nitrocellu-
lose membranes were blocked in 5% skim milk PBS + 0.1% 
Tween 20 (PBST) at room temperature for 1 h. Primary 
antibodies of ZO-1 (1:1000, 40-2200; Invitrogen) and 
GAPDH (1:1000; Santa Cruz, Dallas, TX, USA) were 
placed in 5% skim milk PBST overnight at 4 °C, washed, 
incubated with secondary antibodies for 1 h, and washed. 
Amersham ECL detection reagents (Cytvia, Marlbor-
ough, MA, USA) were used to detect protein under the 
Amersham AI600 chemiluminescent imager (Cytvia). 
ImageJ software was used to measure the band intensity. 
Whole blot images can be found in the Supplementary 
Fig. 6.

RT-qPCR
After sacrifice, the ileum was collected and stored in an 
RNAprotect reagent (Qiagen, Germantown, MD, USA) at 
-80  °C. For mRNA extraction, the Xenopure total RNA 
purification kit (Xenohelix; Incheon, South Korea) was 
used as per the manufacturer’s protocol. cDNA was syn-
thesized using the Primescript RT reagent kit (Takara, 
Shiga, Japan), quantified, diluted to 100 ng/µL, and 
amplified using AccuPower 2X Greenstar qPCR master 
mix (Bioneer, Daejeon, South Korea) and the Quantstu-
dio 6 Flex system (Thermo Fisher Scientific). The list and 
sequences of primers are provided in the Supplementary 
Material 1.

Statistical analysis
One-way analysis of variance, post-hoc Tukey test, and 
Bonferroni correction, as necessary, were used to com-
pare data between the experimental groups. The normal 
distribution was confirmed before performing the Tukey 
test and Bonferroni correction. Bar graphs present the 
data as mean ± standard error of the mean and dots of 
individual values. The nonparametric Mann–Whitney U 
test was used to analyze the RT-qPCR data. GraphPad 
Prism 8.0 software (GraphPad, San Diego, CA, USA) was 
used to perform data analysis, and a p-value < 0.05 was 
considered statistically significant. Fisher’s exact statistic 
was used in the DAVID bioinformatics to analyze protein 
enrichment. Adjusted p-value < 0.05 was considered sta-
tistically significant.
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Result
thMSC-EVs significantly enhanced cellular viability and 
integrity upon hyperosmotic, ischemic, and hypothermic 
stress to IEC-6 cells
To mimic the multifactorial nature of NEC pathophysi-
ology, we induced HIT in IEC-6 cells (Fig.  1A). In the 
CCK-8 assay, the percentage of viable IEC-6 cells was 
significantly reduced in the HIT group than in the CON 
group. Compared with the HIT group, the HIT + naïveEV 
and HIT + thEV groups showed a significant increase in 
cell viability; however, the effect was significantly greater 
in the in HIT-thEV group than in the HIT + naïveEV 
group. According to the TUNEL assay, the HIT and 
HIT + naïveEV groups had significantly higher TUNEL-
positive cell counts than did the CON group; however, 
the HIT + thEV group was not statistically different from 
the CON group. The level of ZO-1, marker of cellular 
integrity, was significantly lower in the HIT group than in 
the CON group. The reduction in ZO-1 levels in the HIT 
group was significantly restored in the HIT + thEV group 
but not in the HIT + naïveEV group. Overall, thMSC-EVs 

showed greater effects in enhancing cellular viability and 
integrity than did naïveMSC-EVs in HIT-induced IEC-6 
cells.

thMSC-EVs significantly reduced pro-inflammatory 
cytokines in LPS-induced PMs
The CM was treated to IEC-6 cells for cellular viabil-
ity assessment, and inflammatory cytokine levels were 
measured using ELISA. Compared with the CON 
group, LPS CM treatment significantly decreased IEC-6 
cell viability (Fig.  1B). This decrease was significantly 
restored by treatment with LPS + thEV CM but not with 
LPS + naïveEV CM. Levels of pro-inflammatory cytokines 
IL-1α, IL-6, IL-1β, and TNF-α and anti-inflammatory 
cytokine TGF-β were also measured in the same CM 
(Fig. 1C). Compared with the CON group, the LPS group 
showed significantly greater levels of all pro-inflamma-
tory cytokines. The elevated cytokine levels were sig-
nificantly reduced in the LPS + thEV group, and this 
anti-inflammatory effect was notably more pronounced 
than that in the LPS + naïveEV group. Anti-inflammatory 

Fig. 1  thMSC-EVs significantly improved cell viability, cell integrity, and inflammation in NEC in vitro models.(A) Bar graph representation of CCK-8 cell 
viability assay, TUNEL assay, and western blot protein expression levels of ZO-1 in IEC-6 cells. n = 16, 16, 16, and 16 for the CCK-8 assay; n = 10, 10, 10, and 
10 for the TUNEL assay; and n = 3, 3, 3, and 3 for western blot analysis in the CON, HIT, HIT + naïveEV, and HIT + thEV groups, respectively. *, p < 0.01 vs. CON; 
#, p < 0.01 vs. HIT; $, p < 0.01 vs. HIT + naïveEV. (B) Bar graph representation of CCK-8 cell viability assay in LPS-induced peritoneal macrophage CM-treated 
IEC-6 cells. n = 16, 16, 16, and 16 in the CON, LPS CM, LPS + naïveEV CM, and LPS + thEV CM groups, respectively. (C) Bar graph showing inflammatory 
cytokine levels in LPS-induced peritoneal macrophages. n = 4, 4, 4, and 4 in the CON, LPS, LPS + naïveEV, and LPS + thEV groups, respectively. *, p < 0.01 
vs. CON; #, p < 0.01 vs. LPS; $, p < 0.01 vs. LPS + naïveEV. Data are presented as mean ± SEM. One-way ANOVA and the post-hoc Tukey test were used in 
the analysis. CON, normal control; HIT, hyperosmolar stress, ischemia, and hypothermia-induced IEC-6 cells; LPS, lipopolysaccharide; naïve MSC-EVs, naïve 
MSC-derived EVs; thMSC-EVs, thrombin-preconditioned MSC-derived EVs
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cytokine TGF-β levels were significantly increased in the 
LPS + thEV group than in the LPS group and distinctively 
greater than those in the LPS + naïveEV group.

Intraperitoneal administration of thMSC-EVs significantly 
improved the clinical symptoms in NEC-induced mouse 
pups
Smaller body size and enlarged gastrointestinal (GI) sizes 
confirmed successful NEC induction in neonatal mouse 
pups, despite overnight breastfeeding, demonstrating 
the validity and feasibility of our protocol (Supplemen-
tal Fig. 2A). At P7, the body weights were significantly 
lower in the NEC and NEC + thEV groups than in the 
CON group, with no significant difference between the 
NEC and NEC + thEV groups (Fig. 2A). The survival rates 
were 100%, 58.11%, and 65.28% in the CON, NEC, and 
NEC + thEV groups, respectively (Fig.  2A). The survival 
rates were significantly lower in the NEC and NEC + thEV 
groups than in the CON group, with no significant dif-
ference between the NEC and NEC + thEV groups. At 
P7, the clinical sickness scores were significantly higher 
in all NEC-induced groups than in the CON group; how-
ever, daily IP administration of thMSC-EVs significantly 
reduced the clinical sickness scores in the NEC + thEV 
group (Fig. 2B). The GI length from the stomach to the 
rectum was significantly shorter in the NEC group than 
in the CON group (Fig.  2C), with no significant differ-
ence between CON and NEC + thEV.

Intraperitoneal administration of thMSC-EVs distributed 
greater to the NEC-induced Gastrointestinal tract than to 
the healthy tract
To validate that IP administration effectively targets the 
GI tract, uptake of PKH-tagged thMSC-EVs was first 
evaluated in healthy mouse pups (Supplemental Fig. 
3A). The NIRF imaging demonstrated a trend in which 
thMSC-EVs remain within the peritoneum by 3  h but 
measurably diffuse into the small intestine by 24 h. The 

differential fluorescent intensity between CON and NEC 
group at P7 confirmed a significantly greater thMSC-
EVs distribution in the injured NEC GI tract than in the 
healthy GI tract (Supplemental Fig. 3B).

Intraperitoneal administration of thMSC-EVs significantly 
attenuated the histological damage in NEC-induced mouse 
pups
Histological assessment confirmed successful NEC 
induction despite overnight breastfeeding. One of the 
key histological differences between the CON and NEC 
groups was the appearance of cell swelling and necrotic 
cells, featuring pale cytoplasm or “ghost-like” crypt-
villus histoarchitecture [36, 37] (Fig.  3A). The disrupted 
epithelial integrity was further visualized via E-cadherin 
staining, which revealed an irregular cell membrane lin-
ing (Fig.  3C). The histological damage score represent-
ing villus loss severity was significantly higher in all 
NEC-induced groups than in the CON group, and it was 
significantly higher than that in the NEC + thEV group 
(Fig. 3B).

Quantified MUC2-positive goblet cells, normalized 
by DAPI intensity to account for villus depletion, were 
significantly reduced in the NEC group compared with 
those in the CON group, and were significantly restored 
in the NEC + thEV group (Fig. 3D).

Intraperitoneal administration of thMSC-EVs significantly 
increased intestinal stem cell (ISC) marker gene expression 
in NEC-induced mouse pups
The expression of ISC marker genes olfactomedin 4 
(OLFM4), leucine-rich repeat-containing G-protein cou-
pled receptor 5 (LGR5), and the secretory cell differentia-
tion gene atonal BHLH transcription factor 1 (ATOH1) 
were analyzed using RT-qPCR (Fig. 4A). The expression 
levels of OLFM4 and LGR5 were significantly reduced in 
the NEC group compared with those in the CON group 
and were significantly increased in the NEC + thEV 

Fig. 2  Intraperitoneal administration of thMSC-EVs improved the clinical symptoms in NEC-induced mouse pups.(A) Graphical representations of daily 
body weight measurements and percent survival of mouse pups. n = 23, 40, 43 in the CON, NEC, and NEC + thEV groups, respectively. (B) Bar graph repre-
sentation of clinical sickness score assessment at P7. n = 8, 16, and 13 in the CON, NEC, and NEC + EV groups, respectively. (C) Bar graph representation of 
GI length measured at P7. n = 8, 16, and 13 in the CON, NEC, and NEC + thEV groups, respectively. Data are presented as mean ± SEM. *, p < 0.01 vs. CON; #, 
p < 0.01 vs. NEC. The log-rank test was used to compare the survival rate between the groups. One-way ANOVA and the post-hoc Tukey test were used in 
all other analyses. CON, normal control; NEC, necrotizing enterocolitis control group; NEC + thEV, thMSC-EVs treated NEC group
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group. ATOH1 expression was significantly reduced in 
the NEC and NEC + thEV groups compared with that 
in the CON group, although the difference between the 
NEC and NEC + thEV groups did not reach statistical sig-
nificance. The mean fold-change values for ATOH1 were 
0.4161 and 0.7022, respectively, indicating an increasing 
trend.

Intraperitoneal administration of thMSC-EVs significantly 
reduced cell death in the intestinal crypt in NEC-induced 
mouse pups
All NEC-induced groups showed a significantly greater 
number of TUNEL-positive cells than that in the CON 
group, with the NEC + thEV group showing significantly 
fewer TUNEL-positive cells than those in the NEC group 
(Fig.  4B). TUNEL-positive cells were predominantly 
localized near the crypt base, where ISCs reside, as con-
firmed by the TUNEL assay and OLFM4 staining (Fig. 4D 
and E).

Fatty acid-binding protein (FABP) expression, which 
is associated with intestinal injuries, including NEC 

[38–41], was significantly greater in the NEC and 
NEC + thEV groups than in the CON group, and the 
NEC + thEV group exhibited significantly lower lev-
els than did the NEC group (Fig.  4A). Specifically, the 
NEC group showed an approximately 70-fold increase 
in FABP6 expression, whereas the NEC + thEV group 
showed an approximately 30-fold reduction.

thMSC-EVs significantly reduced pro-inflammatory 
cytokine IL-1α levels in NEC-induced mouse pups
Pro-inflammatory cytokine IL-1α level was significantly 
increased in the NEC and NEC + thEV groups com-
pared with that in the CON group (Fig.  4C). However, 
compared with the NEC group, the NEC + thEV group 
showed significantly reduced levels.

thMSC-EVs significantly enhanced the expression of 
OLFM4 and Claudin and reduced the expression of 
defensin and CHGA in NEC organoids
Organoids were differentiated for 7 days with or with-
out thMSC-EV treatment. On day 7, organoids were 

Fig. 3  Intraperitoneal administration of thMSC-EVs attenuated the histological damage in NEC-induced mouse pups.(A) Representative microscopic 
images of H&E-stained histology slides. (B) Bar graph representation of histological damage score assessment. n = 11, 21, and 25 in the CON, NEC, and 
NEC + thEV groups, respectively. (C) Representative microscopic images of immunofluorescent staining. (D) Bar graph representation of quantification 
of MUC2 (+) cells. n = 6, 7, and 11 in the CON, NEC, and NEC + EV groups, respectively. Data are presented as mean ± SEM. *, p < 0.01 vs. CON; #, p < 0.01 
vs. NEC. One-way ANOVA and the post-hoc Bonferroni test were used in the analysis. CON, normal control; NEC, necrotizing enterocolitis control group; 
NEC + thEV, thMSC-EVs treated NEC group
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collected, and differentiation was confirmed through 
immunofluorescent staining (Supplemental Fig. 5A). The 
extent of differentiation was analyzed by counting cys-
tic and budded organoids (Supplemental Fig. 5B). The 
mean ± SEM percent of budded organoids in the CON 
and CON + thEV groups were 50.1 ± 5.2 and 62.7 ± 8.8, 
respectively, and those in the NEC and NEC + thEV 
groups were 56.5 ± 5.2 and 63.6 ± 2.5, respectively. Treat-
ment of thMSC-EVs showed an increasing trend in 
the percentage of budded organoids without statistical 
significance.

On day 7, the organoids were collected for mRNA iso-
lation via RT-qPCR. The differential gene expression 

levels of OLFM4 (ISC marker), sucrase-isomaltase (SI, 
absorptive enterocyte marker), chromogranin A (CHGA, 
enteroendocrine cell marker), defensin (DEFA5, Pan-
eth cell marker), mucin (MUC2, goblet cell marker), and 
claudin-4 (CLDN4, tight junction marker) in the organ-
oids were analyzed (Fig. 5). The comparison between the 
CON and NEC organoids was confirmed first (Supple-
mental Fig. 5C). NEC organoids were treated with or 
without thMSC-EVs and analyzed.

In NEC + thEV organoids, OLFM4 and CLDN4 expres-
sion levels were significantly higher than those in NEC 
organoids, indicative of adult ISCs and cellular integ-
rity. Conversely, the expression levels of SI, CHGA, and 

Fig. 5  thMSC-EVs’ effect in gene expression levels of differentiated NEC organoids.Bar graph representation of intestinal organoid marker gene expres-
sion levels analyzed using RT-qPCR. n = 4 and 4 in the NEC and NEC + thEV groups, respectively. Data are presented as mean ± SEM. *, p < 0.01 vs. NEC. The 
Mann–Whitney test was used in the analysis. CON, normal control; NEC, necrotizing enterocolitis control group; NEC + thEV, thMSC-EVs treated NEC group

 

Fig. 4  Intraperitoneal administration of thMSC-EVs increased goblet cells and ISC marker gene expression in NEC-induced mouse pups.(A) Bar graph 
representation of the expression levels of intestinal marker genes LGR5, OLFM4, ATOH1, and FABP6 analyzed via RT-qPCR. n = 16, 11, and 16 in the CON, 
NEC, and NEC + thEV groups, respectively. The Mann–Whitney test was used for the analysis. (B) Bar graph representation of the count of TUNEL (+) cells. 
n = 11, 21, and 25 in the CON, NEC, and NEC + thEV groups, respectively. One-way ANOVA and the post-hoc Bonferroni test were used in the analysis. 
(C) Bar graph representation of pro-inflammatory cytokine IL-1α levels measured using ELISA. n = 18, 23, and 19 in the CON, NEC, and NEC + EV groups, 
respectively. (D) Representative microscopic image of immunofluorescent-stained OLFM4 (+) cells and TUNEL (+) cells. (E) Representative microscopic 
image of merged OLFM4 and TUNEL (+) cells. One-way ANOVA and the post-hoc Bonferroni test were used in the analysis. White arrows point to TUNEL 
(+) cells. Data are presented as mean ± SEM. *, p < 0.01 vs. CON; #, p < 0.01 vs. NEC. CON, normal control; NEC, necrotizing enterocolitis control group; 
NEC + thEV, thMSC-EVs treated NEC group
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DEFA5 were significantly reduced in NEC + thEV organ-
oids compared with those in NEC organoids. MUC2 
expression was approximately five-fold higher in NEC 
organoids than in CON organoids, and NEC organoids 
treated with thMSC-EVs showed a 0.7-fold reduction in 
MUC2 expression, although this difference was not sta-
tistically significant.

thMSC-EVs are enriched in anti-apoptotic, anti-
inflammatory, cell adhesion, and Wnt signaling pathways 
compared to the naïveMSC-EVs
EVs isolated using the TFF system diafiltrated with DPBS 
minimized the potential inclusion of proteins outside of 

the EVs in the proteomic analysis. A list of proteins that 
had an abundance value greater than two-fold present in 
the thMSC-EVs compared with the naïveMSC-EVs were 
exported and analyzed using the DAVID bioinformat-
ics Gene Ontology Biological Processes database. The 
top 30 biological pathways (BP) enriched in thMSC-EVs 
compared to naïveMSC-EVs were pathways of cellular 
metabolism, angiogenesis, blood coagulation, integrin-
mediated signaling, protein folding, basement membrane 
organization, and anti-apoptosis (Fig.  6A). To under-
stand the in vitro, in vivo, and organoid results, the anti-
apoptosis, anti-inflammation, cell-cell adhesion, and Wnt 
signaling pathways were selectively examined (Fig.  6B). 

Fig. 6  Proteomic comparison of naïveMSC-EVs and thMSC-EVs.(A) Bubble plot representation of top 30 Biological Processes enriched in thMSC-EVs 
than in naïve MSC-EVs. (B) Bubble plot representation of selected Biological Processes. Proteins that had more than two-fold greater abundance value 
in thMSC-EVs than in naïveMSC-EVs with p < 0.05 were analyzed. Fisher’s exact statistic was used to analyze protein enrichment. The size of the bubble 
represents protein counts
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thMSC-EVs were enriched in these pathways and pro-
teins exhibited more than two-fold increase in abun-
dance. Detailed lists and fold change values can be found 
in the Supplementary Material 2. Among, the representa-
tive proteins under each pathway are listed in Table 2.

Discussion
Herein, we primarily demonstrated that thMSC-EVs out-
performed naïveMSC-EVs in enhancing cellular viability 
and integrity and reducing inflammation in established 
in vitro NEC models. Confirmed its enhanced thera-
peutic efficacy, thMSC-EVs were administered to the 
in vivo NEC model. In vivo, thMSC-EVs significantly 
reduced the macroscopic, histological, and biochemical 
markers of NEC injury, primarily through greater tissue 
preservation and reduced cell death. In NEC organoids, 
thMSC-EVs promoted ISC preservation and reduced 
stress-related marker levels, suggesting enhanced entero-
cyte maturation.

The mammalian intestinal epithelium regenerates every 
4–5 days, driven by ISCs in the crypt base [42]. Effective 
NEC treatment in premature infants requires the reduc-
tion of tissue injury and the promotion of regeneration. 
Therefore, we comprehensively investigated the effects of 
thMSC-EVs in appropriate in vitro, in vivo, and organoid 
models.

In vitro NEC studies commonly stimulate the rat small 
intestinal cell line IEC-6 or the human colorectal adeno-
carcinoma cell line Caco-2 with LPS [43–46], which may 
be similar to the in vitro model of IBD [47]. To better 
mimic the in vivo induction of NEC, we concurrently 
induced hyperosmotic, ischemic, and hypothermic stress 
in IEC-6 cells and LPS in primary rat PMs. To improve 
the feasibility of the NEC protocol in vivo, we replaced 
overnight gavage feeding with overnight breastfeeding. 
This modification significantly reduced procedural risks 

such as esophageal perforation, which improved survival 
rates while maintaining effective NEC induction and also 
reduced the investigator’s burden. Although the breast-
milk’s benefits are well-known [48, 49], we confirmed 
that 60  µg of LPS, hyperosmolar formula, hypoxia, and 
hypothermia induced significant intestinal damage mac-
roscopically, histologically, and biochemically. Further-
more, organoids derived from NEC-induced mouse pups 
have been established as alternative platforms for evalu-
ating the therapeutic efficacy of thMSC-EVs.

In our in vitro model, thMSC-EVs showed significant 
anti-apoptotic, cellular integrity-enhancing, and anti-
inflammatory effects on IEC-6 cells and PMs, whereas 
naïveMSC-EVs demonstrated milder effects. We previ-
ously confirmed that thrombin-preconditioned MSCs 
enrich their EVs with various growth factors such as vas-
cular endothelial growth factor (VEGF) or brain-derived 
neuroprotective factors (BDNF) via Protease-activated 
receptor (PAR)-mediated signaling pathways [19, 22, 24]. 
However, to better understand thMSC-EVs’ therapeu-
tic effect in gastrointestinal injury, we analyzed the pro-
teomics of naïveMSC-EVs and thMSC-EVs. Building on 
our previous observation of increased angiogenic cargo 
proteins in thMSC-EVs [22], our proteomic analysis 
notably revealed that key pathways critical for intestinal 
health, such as Wnt signaling, anti-apoptotic processes, 
cell adhesion, proliferation, and inflammatory responses, 
were also more than two-fold enriched in thMSC-EVs 
compared to naïveMSC-EVs. Though not validated 
in this study, we postulate that proteins presented in 
Table  2 may explain the in vitro results in enhanced 
cell survival, increased cellular integrity, and reduced 
inflammation. Under cell adhesion pathways, KRT18 
and α -catenin were noted which support cellular integ-
rity and indirectly interact with ZO-1 [50–52]. Notably, 
Annexin-A1 (ANXA1) which is known to promote dif-
ferentiation of monocytes into M2 phenotype [53] was 
three-fold enriched in thMSC-EVs, further explaining 
the significant increase in TGF-b in thMSC-EVs treated 
LPS-induced peritoneal macrophages. Annexin-A1 
plays a multi-faceted role, promoting anti-inflammation, 
pro-survival, and cell-cell adhesion, suggesting its pos-
sible role as a therapeutic component within thMSC-
EVs, however further study must be done to confirm this. 
Enrichment of ERK1/2 pathway proteins, such as FGF2, 
that promote both epithelial and stem cell survival [54, 
55], in thMSC-EVs support the improved cell survival 
of IEC-6 cells and increased ISC markers in vivo and in 
organoids. ZO-1 is a well-known tight junction protein 
under the occludins family, necessary for cell-cell adhe-
sion and cellular integrity. When tight junctions are 
reduced, the intestinal epithelium becomes permeable, 
sequentially resulting in a leaky gut, microbial transloca-
tion into the body, and inflammation [56]. Both human 

Table 2  Representative proteins overexpressed in thMSC-EVs 
compared to the Naïve MSC-EVs
Protein FC (thEV/naiveEV) GO term
THBS1 10.38944103 GO:0043066: negative regu-

lation of apoptotic process
TIMP1 11.94589969 GO:0043066: negative regu-

lation of apoptotic process
ANXA1 3.773368868 GO:0043066: negative regu-

lation of apoptotic process
GO:0045087: innate im-
mune response
GO:0098609: cell-cell 
adhesion

ITGB1 11.67722302 GO:0098609: cell-cell 
adhesion

FGF2 5.155911192 GO:0090263: positive 
regulation of canonical Wnt 
signaling pathway
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[57] and animal studies [58] have reported reduced tight 
junction proteins in NEC. Given the contribution of 
leaky epithelium to the NEC pathophysiology, evaluation 
of the ability to strengthen the intestinal barrier is criti-
cal in considering the NEC therapeutic. Therefore, our 
in vitro result presenting enhanced ability of thMSC-EVs 
in strengthening the integrity and proteomic results fur-
ther support that thMSC-EVs are a promising therapeu-
tic option for NEC. Future mechanistic studies using the 
proteomics data will provide a better understanding of 
thMSC-EVs’ therapeutic effect.

Rodent models are advantageous in premature GI 
research because rodents are born underdeveloped, con-
tinuing maturation after birth, whereas full-term human 
neonates are fully developed before birth [59, 60]. The 
crypt-villi axis and the presence of mature enterocytes 
are evident in the human fetal intestine from 17 gesta-
tional weeks, which correlates with postnatal days 1–17 
in neonatal mice [59–63]. At P7, mouse pups demon-
strated well-defined crypt-villus morphology, diffuse 
OLFM4-positive ISCs at the crypt bottom, and the pres-
ence of mature goblet cells, enteroendocrine cells, and 
Paneth cell populations, suggesting that pups have devel-
oped small intestinal characteristics and cell populations 
(Supplemental Fig. 2B).

This study further confirmed that IP administra-
tion offers both gut-specific and systemic benefits, with 
thMSC-EVs localizing more to the NEC-induced small 
intestine than to the healthy intestine. The peritoneal 
cavity, rich in vascular and lymphatic networks [64], can 
serve as an alternative to the intravenous route when 
veins are technically inaccessible. By bypassing the pul-
monary “first-pass” effect, IP administration allows sys-
temic EV circulation, making it a preferable option for 
targeting the gut [65, 66], particularly in neonates with 
nil per os [6, 9]. Yet, confirmation of EVs’ diffusion into 
lymphatic vessels must be explored. IP has been widely 
used to deliver MSCs in NEC models [11, 13, 14, 66, 
67]. Herein, both systemic and local therapeutic effects 
of 2 × 109 thMSC-EVs were indicated by significant 
improvements in clinical, histological, and biochemi-
cal evaluations, consistent with other reports in which 
MSCs were administered via IP in NEC models. For 
gut-specific effects, we postulated that diffused thMSC-
EVs from the peritoneal cavity were closest to the crypt 
bottom, presenting anti-apoptotic and ISC-preserving 
effects. Future studies with longer observation periods 
will allow us to understand the downstream effects on 
mature enterocytes. Regarding systemic effects, the cir-
culation of thMSC-EVs through the vasculature can be 
implied, which has also been observed in other stud-
ies using human bone marrow-MSCs (6 × 105 cells/50 
-µL PBS) in a rat NEC model [11, 13]. Lastly, we suggest 
that thMSC-EVs exhibit a homing-like effect in MSCs, 

in which significantly more cells are localized in NEC-
induced intestines than in healthy controls [11, 13]. 
Although not motile like MSCs, thMSC-EVs were local-
ized more in the injured gut than in the uninjured gut. 
Similar to a study tracking the migration of MSCs toward 
the NEC-induced gut [13], a future study tracking the dif-
fusion of thMSC-EVs would better explain this phenome-
non. Compared with MSCs, MSC-derived EVs, especially 
thMSC-EVs, offer distinct advantages as cell-free thera-
pies with enhanced efficacy, increasing their potential as 
a therapeutic option.

Histological analysis confirmed that IP administra-
tion of 2 × 109 thMSC-EVs reduced the extent of villus 
loss and cell death in LGR5- and OLFM4-positive intes-
tinal stem cells. A greater number of goblet cells were 
observed, despite normalization with the number of villi 
present, implying that thMSC-EVs not only preserved 
more tissue but also supported the presence of more dif-
ferentiated mature cell types, which are critical for muco-
sal barrier formation. A study previously compared the 
therapeutic efficacy of different stem cell sources (2 × 106 
cells) [14] and their respective EVs (2.5 × 109) [21] in a rat 
NEC model. Similar to our study’s integrity assessment, 
they used an FITC-labelled dextran permeability assay to 
confirm enhanced mucosal barrier function after stem 
cell administration [12, 20]. Although Atoh1, a marker of 
secretory precursor cells [68], showed a non-significant 
increase in expression following thMSC-EV treatment, 
the overall results suggest that thMSC-EVs promote 
intestinal regeneration.

ISC preservation is critical because ISCs drive the 
regeneration and differentiation of intestinal epithelial 
cells [69]. OLFM4 and LGR5 are markers of adult ISCs 
that show increased expression throughout development 
and promote the differentiation of absorptive and secre-
tory intestinal epithelial cells [70–72]. In this study, we 
confirmed increased adult ISC marker gene expression 
in the thMSC-EV-treated NEC + thEV group compared 
with that in the non-treated NEC group, both in vivo and 
in organoids. This may imply enhanced retention or pro-
tection of ISCs from intestinal damage, which is further 
supported by the co-localization of TUNEL-positive and 
OLFM4-positive cells. The increased OLFM4 expression 
with age has been suggested as a hallmark of intestinal 
maturation by comparing human adult and fetal intes-
tines [72, 73]. Upon intestinal damage, the loss of ISCs 
and reversion to a fetal-like state significantly reduces 
OLFM4 expression in the intestine [74]. In organoids, a 
higher OLFM4 expression level correlates with matura-
tion and the ability to bud and differentiate into different 
lineages [75, 76]. Therefore, enhancing adult ISC function 
could be a key therapeutic goal in NEC treatment, as it 
facilitates the regeneration and maturation of the injured 
premature intestine. Significantly enriched proteins 
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under the Wnt signaling pathway, which is the main reg-
ulator of ISCs-mediated epithelial regeneration, further 
explain reduced villi loss and maintained ISC marker 
genes. Our persistent observation of enhanced cellular 
integrity can be similarly supported since Wnt signal-
ing pathway is closely related to the cellular stability and 
integrity [77]. Our results suggest that thMSC-EVs may 
play a critical role in inducing the maturation or regen-
eration of premature and injured intestines by enhancing 
ISC gene expression levels via Wnt signaling pathway. 
Future studies will help further confirm the mechanism 
of the effect.

Since severe intestinal damage limits the evaluation 
of mature enterocytes, we differentiated organoids and 
treated them with thMSC-EVs to investigate their thera-
peutic effects on mature enterocytes. We observed that 
thMSC-EVs partly enhance the differentiation of organ-
oids. This observation aligns with well-documented 
MSC’s ability to regulate epithelial cell proliferation and 
differentiation [78]. In our proteomic analysis, thMSC-
EVs were enriched with proteins under Notch and Wnt 
signaling pathways that promote intestinal stem cell 
maintenance and enterocyte differentiation [79, 80], 
which may have collectively contributed to enhanced 
differentiation of both CON and NEC organoids. Com-
pared with untreated NEC organoids, we observed signif-
icantly reduced gene expression levels of SI and CHGA, 
which are stress-related markers, and DEFA5, which is 
an inflammatory marker, when treated with thMSC-EVs. 
DEFA5, an antimicrobial peptide [81, 82], is elevated 
in the inflamed human NEC intestine [81–83]. SI is a 
brush-border enzyme associated with the osmotic pres-
sure regulation within the lumen, and its deficiency often 
results in NEC [84, 85]. CHGA plays a role in the che-
mosensing, hormone secretion, and motility of the GI 
tract [86], and although its role in NEC remains unclear, 
its elevated levels in patients with IBD suggest an associa-
tion with inflammation [87–89]. The elevated expression 
of SI, CHGA, and DEFA5 in NEC organoids compared 
with that in CON organoids was likely due to hyperos-
motic stress and LPS exposure during in vivo induction. 
Reduced expression levels after 7 days of thMSC-EV 
treatment suggest the amelioration of GI stress, which 
will be better understood in future in vivo studies with 
longer observations of mature enterocytes. Overall, our 
results suggest that the injury memory persisted in the 
organoids through 3–4 passages and throughout differ-
entiation and that thMSC-EVs ameliorated this effect.

One limitation of this study is the challenge of induc-
ing substantial inflammation in an in vivo NEC model. 
A significant increase in IL-α levels in the NEC group 
compared with that in the CON group was observed; yet, 
changes in the levels of IL-β, IL-6, and TNF-α were insig-
nificant, despite significant intestinal damage confirmed 

by histological and biochemical analysis (Supplemen-
tal Fig. 4). An increase in IL-1α levels was reported in 
an NEC piglet model study [90]. A significant reduction 
in the elevated expression level of FABP6, an absorp-
tive marker associated with inflammation in NEC, after 
thMSC-EV treatment was observed in vivo [39–41]. 
Many NEC animal studies primarily focused on histo-
logical damage rather than inflammation, despite inflam-
mation being a key pathology in NEC. Conventional NEC 
mouse models, typically using C57BL/6J inbred strains, 
often differed only in the administration of LPS or cul-
tured bacteria [17, 32, 43, 91–93]. Despite this, only a 
few studies presented inflammation by measuring MPO 
levels, an indication of neutrophil infiltration [13], and 
pro-inflammatory cytokines IL-6, IL-8, IL-1β, and TNF-α 
[43, 91] in NEC animal models, while many did not [11, 
12, 14, 20, 21, 33]. To address this limitation, we treated 
IEC-6 cells in vitro with a primary rat PM CM to observe 
the effect of thMSC-EVs on PMs and subsequent dam-
age to epithelial cells mimicking the in vivo status, and 
we observed a significant anti-inflammatory action of 
thMSC-EVs. In the future, a more refined experimental 
model might be needed to observe distinct time-depen-
dent inflammatory changes mimicking clinical NEC.

In conclusion, this study confirmed the enhanced 
therapeutic effects of thMSC-EVs in vitro, including 
improved cell viability, strengthened cellular integ-
rity, reduced pro-inflammatory cytokine secretion, and 
increased anti-inflammatory cytokine levels, compared 
with those of naïveMSC-EVs. We have further analyzed 
proteomic difference in the naïveMSC-EVs and thMSC-
EVs to understand the therapeutic enhancement, and 
confirmed that cargo proteins were enriched in anti-
apoptotic, anti-inflammatory, cell adhesion, Wnt signal-
ing pathways. In vivo, we macroscopically confirmed the 
therapeutic effect of thMSC-EVs in improving clinical 
symptoms and increasing the GI length. thMSC-EVs pre-
served tissue, maintained the mucosal barrier, protected 
ISC populations, reduced cell death, and decreased 
IL-1α levels. Biochemically, thMSC-EVs increased the 
expression of adult ISC markers and reduced the expres-
sion of FABP6. Organoid studies further confirmed that 
thMSC-EVs reduced inflammatory and injury responses 
while enhancing cellular integrity. Thus, thMSC-EVs 
are promising candidates for NEC therapy. Future stud-
ies should aim to investigate the clinically relevant time-
point to administer thMSC-EVs and the mechanisms 
by which thMSC-EVs ameliorate intestinal injury, with 
extended observational periods, to further validate their 
therapeutic potential. To produce GMP-grade thMSC-
EVs for clinical translation, it is essential to develop 
standardized production methods, cell banking with 
minimal batch variation, quality control, and cryopre-
served formulations.
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