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Preterm birth disrupts intestinal epithelial maturation, impairing digestive and absorptive functions.
This study integrates analysis of single-cell RNA sequencing datasets, spanning fetal to adult stages,
with human preterm intestinal models derived from the ileal tissue of preterm infants. We investigate
the potential of extracellular vesicles (EVs) derived from human Wharton’s jelly mesenchymal stem
cells to promote intestinal maturation. Distinct enterocyte differentiation trajectories are identified
during the transition from immature to mature stages of human intestinal development. EV treatment,
particularly with the EV39 line, significantly upregulates maturation-specific gene expression related to
enterocyte function. Gene set enrichment analysis reveals an enrichment of TGFf31 signaling
pathways, and proteomic analysis identifies TGFpB1 and FGF2 as key mediators of EV39’s effects.
These treatments enhance cell proliferation, epithelial barrier integrity, and fatty acid uptake, primarily
through CFTR-dependent mechanisms —unique to human preterm models, not observed in mouse
intestinal organoids. This highlights the translational potential of EV39 and CFTR activation in
promoting the functional maturation of the premature human intestine.

The human small intestine serves as a crucial interface between ingested
nutrients and the body’s internal environment, where its epithelium plays a
pivotal role in maintaining health". This role is especially vital during early
life, given the rapid growth and development of infants, necessitating
optimal nutrient uptake and protection from harmful microbes’. However,
early insults to the intestinal epithelium can have profound and lasting
consequences, predisposing preterm infants to a range of long-term health
issues, including an increased susceptibility to gastrointestinal disorders like
necrotizing enterocolitis and meconium ileus, impaired growth, neurode-
velopmental disorders, and chronic diseases™™.

Preterm birth, occurring before 37 completed weeks of gestation and
typically after 27 weeks for live births, presents a significant challenge to the
proper development and function of the intestinal epithelium®’. This
challenge arises from the disruption of fetal intestinal development during
the third trimester of pregnancy when functional intestinal maturation
peaks®'*'". Consequently, preterm infants are left with immature gastro-
intestinal systems ill-equipped to handle the demands of enteral
nutrition'*". Thus, enhancing intestinal epithelial maturation stands out as

a critical avenue for improving the functionality of preterm infants and
addressing the subsequent long-term health issues they are likely to
encounter.

While our understanding of intestinal maturation comes largely
from mouse studies, differences between mouse and human intestinal
development exist. Mouse studies suggest that intestinal morphogenesis
concludes several weeks after birth, contrasting with humans, where it is
completed prior to birth'*". Recent advancements in single-cell RNA
sequencing (scRNA-seq) have shed light on key disparities in gut epi-
thelium lineage marker genes between mice and humans, particularly in
cell types like intestinal stem cells, Paneth cells, and goblet cells'. For
example, mouse Paneth cells are enriched in factors supporting intest-
inal stem cells, while human Paneth cells express antimicrobial
genes' ™. Moreover, scRNA-seq has identified a unique subtype of
mature absorptive cells, BEST4+ cells, present only in the
human intestinal epithelium“. However, their absence in mouse intes-
tines poses challenges for functional studies aimed at understanding
their roles.
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Mesenchymal stem cells (MSCs), sourced from tissues like bone
marrow and Wharton’s jelly of human umbilical cord, are renowned for
their regenerative potential, capable of self-renewal and differentiation into
various cell lineages™”. Recent research highlights that the therapeutic
efficacy of MSCs primarily relies on their paracrine secretion, notably
through the release of extracellular vesicles (EVs)*. These EVs carry
bioactive molecules derived from parent cells, including growth factors,
chemokines, cytokines, mRNAs, and miRNAs, which can be delivered to
target cells’. Utilizing MSC-derived EVs presents considerable advantages
over live cells, providing a higher safety profile, reduced immunogenicity,
and mitigated risk of tumor formation™. Thus, MSC-derived EVs represent
an innovative cell-free therapy with compelling advantages over parent
MSCs, holding significant potential for driving tissue repair and
regenerationz". However, research on the role of MSC-derived EVs in
intestinal epithelium maturation remains limited.

In this study, we thus aim to investigate the effects of EV's derived from
human Wharton’s jelly- derived MSC on human intestinal organoids
derived from preterm infants, leveraging the presence of BEST4+ cells in
human intestinal organoids”**. Our objective is to identify which small
intestinal cell types undergo significant maturation from the fetal stage to
pediatric and adult stages using scRNA-seq data sourced from a published
database comprising 96 samples'**~**. Additionally, we seek to determine
which specific components of MSC-derived EVs can facilitate intestinal
maturation through proteomic analysis of EVs.

Results

Developmental dynamics of the human small intestine from fetal
to adult stages

To explore the continuum of developmental dynamics of human small
intestine, we incorporated recently published scRNA-seq data from a total
of seven studies, specifically focusing on small intestinal samples'**~**. This
dataset comprises 96 samples spanning a wide age range from 8 to 24
gestational age (GA) to 70 years old (Fig. 1a, Supplementary Table 1). To
ensure data consistency across studies, we corrected for batch effects using
harmony™ after filtering out low-quality cells. This resulted in a substantially
integrated embedding in which cells grouped by cell type across various
studies (Supplementary Fig. 1a). Shared nearest neighbor (SNN) modularity
optimization-based clustering and marker gene-based annotation yielded a
total of 298,224 high-quality cells representing epithelial, mesenchymal,
immune, endothelial, neuronal, and erythroid cells (Supplementary
Fig. 1b, ¢)*.

To refine our analysis and specifically focus on epithelial cells within
the small intestine, we isolated small intestinal epithelial cell populations
(EPCAM +, CDHI +, KRT8 +, KRT18+ , FXYD3 +, PERP + ), com-
prising 82,144 cells. Our integrated uniform manifold approximation and
projection (UMAP) encompassing fetal to pediatric/adult small intestinal
epithelium scRNA-seq data identified differentially positioned epithelial
cells depending on sample age (1" trimester, 2™ trimester, and pediatric/
adult), inferring age-dependent epithelial characteristics (Fig. 1b). Subse-
quently, we manually annotated each cluster based on specific epithelial cell
type markers (Supplementary Fig. 1d). This comprehensive cluster anno-
tation enabled the identification of 10 distinct cell types within both fetal and
adult small intestines (Fig. 1c). These cell types include intestinal stem cells
(ISCs), progenitor cells, transit-amplifying cells (TAs), Paneth cells, enter-
ocyte precursors, enterocytes, BEST4+ enterocytes, goblet cells, enter-
oendocrine cells (EECs), and tuft cells. The proportion of these cell types at
each developmental stage showed age-dependent alterations, including
elevated populations of enterocytes, BEST4+ enterocytes, Paneth cells,
goblet cells, and tuft cells and a decrease in progenitors, TAs, and EECs in
pediatric/adult compared to fetal stages (Fig. 1d, Supplementary Fig. le),
aligning with previously reported maturation trends'®.

Next, we performed RNA velocity analysis along with partition-based
graph abstraction (PAGA) on individual fetal and pediatric/adult epithelial
cells. These approaches provided velocity-inferred directionality and
topological similarity, allowing us to infer lineage trajectories to understand

cell differentiation dynamics and analyze transcriptomic similarities
between cell types in different clusters”**. This enabled us to estimate the
connectivity between cell types during fetal and pediatric/adult epithelial
development, respectively (Fig. 1e, f, Supplementary Fig. 1f, g). Our analysis
revealed unique differentiation trajectories from ISCs to enterocytes
between fetal and pediatric/adult stages (Fig. le, f). In the fetal stages, the
trajectories and PAGA connectivity graph showed predominant involve-
ment of proximal progenitors in early enterocyte development, a feature
identified in various scRNA-seq studies'***”. Additionally, we observed that
BEST4+ enterocytes were exclusively connected to ISCs within adult epi-
thelial cells, while in fetal epithelial cells, a significant transcriptomic dis-
tance with no connectivity between cell types was identified (Supplementary
Fig. 1f, g). This supports the notion that BEST4+ enterocytes represent a
novel subtype of mature absorptive cells'® and may participate in epithelial
maturation of the human intestine. Collectively, the differences in cell type
abundance and the interconnected dynamics of epithelial cells between fetal
and pediatric/adult stages clearly demonstrate that the human small
intestinal epithelium significantly differs between these developmental
stages.

Delineating divergent differentiation trajectories of enterocytes
across fetal and pediatric/adult intestinal development

To investigate epithelial transition across intestinal development, we con-
structed developmental trajectory map using monocle 3*, where cells were
ordered and positioned along a pseudotime trajectory representing the
biological process of cell differentiation and development (Fig. 2a). The
pseudotime trajectory indicated a common path originating from ISCs and
oriented toward secretory (EEC, goblet) differentiation trajectories in both
fetal and pediatric/adult stages (Fig. 2a). However, there was markedly
distinct path from ISCs to enterocyte between fetal and pediatric/adult
stages (Fig. 2a).

We thus isolated both fetal and adult enterocyte developmental
branches, from ISC, proximal progenitor, enterocyte precursor and
enterocyte. Then, we identified 155 fetus-specific and 28 adult-specific
enterocyte lineage genes that changed along the established virtual time
scale, based on multi-directional and multi-dimensional spatial auto-
correlation (Moran’s I test) (Supplementary Table 2). The fetal enter-
ocyte lineage was predominantly associated with regulation of protein
stability (PLPP3, EFNAI, GLMP, ATP1B3, NPM1, PIM1, HSP90ABI,
APOAI) and positive regulation of proteolysis (SI00AI0, EFNAI,
MELTF, DAB2, RACK1, CLDN4, MYC, HMGBI) as indicated by Gene
Ontology (GO) annotations (Supplementary Fig. 2a). On the other
hand, the adult enterocyte lineage was associated with lipid transport
(CIDEC, FABP2, ACSL5, PRAPI, APOA4, ACE) and fatty acid metabolic
process (FABP2, CYP3A4, ACSL5, APOA4, CES2) (Supplementary
Fig. 2b). Our findings indicate that enterocytes in fetal and pediatric/
adult stages follow stage-specific differentiation trajectories, molecular
characteristics, and potentially functional features.

We thus investigated differences in functional potential between fetal
and pediatric/adult enterocytes. First, we classified each cell type cluster,
designating clusters in the fetal samples as T and in the pediatric/adult
samples as ‘I" (Supplementary Fig. 2c). By extracting a subset of the data,
including 30,720 absorptive enterocytes, we observed clear separation
between enterocyte type I and type II (Fig. 2b). Differential expression
analysis between type I and type II enterocytes identified 883 type II
enterocyte-enriched genes. When plotted based on sample age, these genes
further verified their enrichment in pediatric/adult stages compared to the
1" and 2™ trimesters (Supplementary Fig. 2d). By plotting type II enterocyte-
enriched genes in the UMAP we generated, we further narrowed down and
identified genes specific to adult enterocytes (Fig. 2c), as well as those
showing higher expression in the adult than in the fetal enterocytes (Fig. 2d).
In contrast, well-known enterocyte marker genes such as FABP2, APOA4,
RBP2, and ANPEP showed expression across various intestinal cell types,
with the exception for APOA4 (Supplementary Fig. 2e). While FABP2,
APOA4, and ANPEP were slightly more enriched in adult than in fetal
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Fig. 1 | Distinct differentiation trajectories in the small intestinal epithelium
between fetal and pediatric/adult stages. a Schematic illustration showing the
public data information used in our study and workflow of single-cell RNA
sequencing (scRNA-seq) analysis. A total of 298,224 quality-controlled intestinal
cells were generated from publicly available 96 small intestinal scRNA-seq datasets,
and subsequently, 82,144 epithelial cells were isolated for downstream analysis. First
trimester, 8 < gestational age (GA) < 14; Second trimester, 14 < gestational age
(GA) < 24; Pediatric, 4 < years < 12; Adult, 25 < years < 70. Uniform manifold

approximation and projection (UMAP) of epithelial scRNA-seq data colored by
sample age (first trimester, second trimester, and pediatric/adult) (b) and epithelial
cell type (c) from public scRNA-seq data of the small intestinal epithelium. BEST4,
BEST4+ enterocyte; ISC, intestinal stem cell; EEC, enteroendocrine cell; TA, transit-
amplifying. d Relative proportions of epithelial cell types at each sample age (first
trimester, second trimester, and pediatric/adult). UMAP of fetal (first trimester and
second trimester) (e) and pediatric/adult (f) epithelial cells with arrows indicating
inferred scVelo differentiation trajectories. See also Supplementary Fig. 1.
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Fig. 2 | Distinct differentiation trajectories and functional potential of enter-
ocytes in fetal versus pediatric/adult stages. a Developmental trajectories of fetal
and pediatric/adult epithelial cells visualized on a uniform manifold approximation
and projection (UMAP) plot, colored by pseudotime. Arrows depict differentiation
paths of absorptive (fetal enterocyte and pediatric/adult enterocyte) and secretory
(Goblet and enteroendocrine cell; EEC) lineages, originating from intestinal stem
cells (ISCs). b UMAP of enterocyte type I (fetal-like, first trimester and second
trimester) and enterocyte type II (adult-like, pediatric/adult) colored by sample age

(first trimester, second trimester and pediatric/adult). Feature plots showing the
expression of adult enterocyte marker genes that were specific to enterocyte type I
(c) and abundant in enterocyte type II (d). e Violin plots showing the mean
expression of enterocyte functionalities (digestive enzyme, fatty acid transport,
cholesterol transport, amino acid transport, inorganic solute transport, cell junction)
in enterocyte type I and II. Significant functional enhancement was observed in
enterocyte type II across all categories (p < 2.22e-16, Wilcoxon rank-sum test). See
also Supplementary Fig. 2.
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enterocytes (Supplementary Fig. 2e), our analysis suggests the presence of

mature enterocyte-specific markers.

Among these adult enterocyte markers (Fig. 2¢, d), LCT, MGAM,
MEPIB, CYP3A4, SLC5A1, SLC28A2, ALPI, and PCK1I have been pre-
viously reported as mature enterocyte-expressing genes’'"". Our
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analysis also identified novel mature enterocyte markers such as MME,

ACE, CIDEC, SLC46A1, SLC13A2, PDK4, MS4A 10, ABTB2, THSD4, and

TM4SF20. These markers were previously known to be expressed in the
intestine but not specifically in mature enterocytes. MME (membrane
metalloendopeptidase), also known as neprilysin, inactivates several
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Fig. 3 | Effects of mesenchymal stem cell (MSC)-derived extracellular vesicles
(EVs) on enterocyte maturation in human preterm intestinal epithelial cells.

a Schematic illustration of the experimental procedure showing treatment of pre-
term intestinal epithelial cells with mesenchymal stem cell (MSC)-derived extra-
cellular vesicles (EVs, EV39 and EV42, 2 x 10° EVs/mL for seven days), followed by
bulk RNA-seq and qRT-PCR analysis. b Relative proportions of epithelial cell types
estimated by deconvolution of bulk RNA-seq data from preterm intestinal epithelial
cells treated with MSC-derived EVs (EV39 and EV42, 2 x 10° EVs/mL for seven
days), based on previously analyzed scRNA-seq profiles of small intestinal epithelial
cells. NT, non-treated group, BEST4, BEST4+- enterocyte; ISC, intestinal stem cell;
EEC, enteroendocrine cell; TA, transit-amplifying. ¢ Dot plot showing Z-score
transformed relative expression of adult enterocyte marker genes (TMSF20, THSD4,
SLC46A1, LCT, ABTB2) in the human preterm intestinal epithelial cells treated with
MSC-derived EVs (EV39 and EV42, 2 x 10° EVs/mL) for seven days. NT, non-
treated group. d Box plot showing the abundance of age-dependent enterocyte gene

sets (first trimester < second trimester < pediatric/adult, n = 224, Supplementary
Table 2). NT, non-treated group. Box plot presents minimum, 25% quartile, median,
75% quartile, maximum. e Dot plot showing gene ontology terms obtained from
significantly upregulated genes in the preterm intestinal epithelial cells treated with
MSC-derived EVs (EV39, 2 x 10° EVs/mL) for seven days compared to non-treated
group. Relative mRNA expression of functional enterocyte markers: digestive
enzyme genes (f), fatty acid transporter genes (g), amino acid transporter genes (h),
inorganic solute transporter genes (i), and cell junction genes (j) in the preterm
intestinal epithelial cells treated with MSC-derived EVs (EV39 and EV42, 2 x 10°
EVs/mL) for seven days. mRNA level of each gene is normalized to HPRTI and
RPLPO level. NT, non-treated group (1 = 3, 3 wells per group, NT vs. other groups).
Quantitative data are expressed as the mean + standard error of the mean (S.E.M).
*P <0.05, **P < 0.01, ¥***P < 0.001. P values were determined by one-way ANOVA
with Dunnett’s post hoc test (f-j). See also Supplementary Fig. 3.

48-50

peptides™ " and might have the potential to regulate gut-derived peptide
hormones based on its expression in the differentiated small intestinal
epithelium®**. ACE (Angiotensin I converting enzyme), which converts
angiotensin I to angiotensin II, is involved in blood pressure regulation™
and has shown roles in intestinal homeostasis, including terminal
digestion of peptides®, cell turnover™ and glucose uptake inhibition via
local production of angiotensin 1. PDK4 (pyruvate dehydrogenase
kinase 4) is known to switch glucose catabolism to fatty acid utilization™.
Similarly, CIDEC (cell death-inducing DNA fragmentation-factor like
effector C), known as fat-specific protein Fsp27, plays a role in intestinal
lipid absorption™, aligning with the enrichment of fatty acid metabolic
process in adult enterocytes (Supplementary Fig. 2f). SLC13A2 (sodium-
dicarboxylate cotransporter) absorbs citric acid cycle intermediates such
as succinate, a-ketoglutarate, and citrate, with high selectivity for
succinate”. SLC46A1 (proton-coupled folate transporter) mediates
obligatory intestinal folate absorption®*. Both succinate and folate are
produced by gut microbes, with succinate crossing epithelial cells via
SLCI3A2 to regulate immune cells”, reflecting the microbial environ-
ment differences between fetal and adult intestines. MS4A 10, a member
of the recently identified MS4A/CD20 protein family, is exclusively
expressed in the intestine®’; however, its specific role within the intestinal
environment remains unclear. ABTB2 (ankyrin repeat and BTB
domain-containing 2), THSD4 (thrombospondin type 1 domain-
containing 4), and TM4SF20 (transmembrane 4 L six family member
20) have been detected through intestinal tissue staining and RNA
sequencing data from the 2024 Human Protein Atlas®, but their precise
contributions in the small intestine are yet to be elucidated.

Furthermore, gene set enrichment analysis (GSEA) with type I and
type II enterocyte genes showed an enrichment of duodenal mature
enterocyte gene sets” in type II enterocytes and an enrichment of
immature organ gene sets (i.e., fetal thymus stromal cells and fetal spleen
AFP ALB positive cells)” in type I enterocytes (Supplementary Fig. 2g),
supporting the functional maturity differences between the two types of
enterocytes. In the context of metabolism, type II enterocytes were
specialized for lipid metabolic processes, small molecule metabolic
processes, and eicosanoid metabolic processes. In contrast, type I
enterocytes were specialized for chondroitin sulfate/dermatan sulfate
metabolism, sialic acid metabolism, fat-soluble vitamin metabolism, and
amino acid metabolic processes (Supplementary Fig. 2f). To quantita-
tively compare the metabolic and functional capacity of type I and II
enterocytes, metabolic module scores were calculated by averaging the
expression of functional genes involved in fatty acid transport and
processing, digestive enzymes, cholesterol transporters, amino acid
transporters, cell junctions, inorganic solute transporters, and organic
transporters, respectively (Supplementary Fig. 2h-m). As expected,
metabolic module scores across each enterocyte function were sig-
nificantly higher in type II enterocytes than in type I enterocytes
(Fig. 2e), supporting the advanced metabolic functionality of adult-type
(type II) enterocytes™.

Mesenchymal stem cell-derived extracellular vesicles-induced
enrichment of adult-type enterocyte signatures in human
preterm intestinal epithelial models

To explore the potential impact of MSCs-derived extracellular vesicles (EVs)
on preterm intestinal epithelial maturation, we prepared MSCs-derived EV's
and established human preterm intestinal epithelial models. MSCs were
obtained from the Wharton’s jelly of two distinct donors (lot39 and lot42)
and validated for the expression of surface markers CD90, CD73, and
CD105, while lacking CD14, CD45, and HLA-DR (Supplementary
Fig. 3a, b). These MSCs were preconditioned with thrombin to enhance the
EV production®®” and therapeutic efficacy®. The isolated thrombin-
preconditioned MSC-derived EV's (designated as EV39 and EV42), which
exhibited similar sizes and concentrations (Supplementary Fig. 3c), were
characterized by the presence of EV-positive markers TSG101 and FLOT-1
and the absence of EV-negative marker GM130 (Supplementary Fig. 3d).
Human preterm intestinal epithelial models were developed from organoids
derived from ileal tissue obtained one week after birth from a male preterm
neonate born at a gestational age (GA) of 27 weeks, who was not diagnosed
with necrotizing enterocolitis. The preterm intestinal organoids were sub-
sequently treated with EV39 and EV42 for seven days and subjected to
transcriptomic profiling via RNA-seq (Fig. 3a).

First, we transformed the epithelial sScRNA-seq data into bulk-like data
using pseudobulk methods. This approach aggregates count values from
each sample and cell type to create data that can be analyzed using the same
methods as bulk RNA-seq data, which has been shown to be superior for
differential gene analysis compared to single-cell methods®. To assess the
maturity extent of the preterm intestinal organoids we established, we then
plotted these pseudobulk data onto the principal component analysis (PCA)
plane alongside bulk-transcriptomics data from preterm intestinal orga-
noids. The PCA analysis indicated that the maturity of preterm intestinal
organoids aligns between the second trimester and pediatric/adult stages,
with closer proximity to the second trimester (Supplementary Fig. 3e). To
address potential donor variability, an additional preterm intestinal orga-
noid line, GA24, was established from ileal tissue obtained one week after
birth from a female neonate born at GA24. Transcriptomic profiling of
GA24 organoids revealed clustering similar to the preterm intestinal orga-
noids (GA27) on the PCA plane, confirming their alignment between the
second trimester and pediatric/adult stages (Supplementary Fig. 3e). This
finding validates our models as retaining prematurity and thus suitable for
analyzing the effects of EVs on human premature intestinal maturation.

We subsequently inferred cell-type composition by deconvoluting bulk
RNA-seq data from EV39 or EV42-treated preterm intestinal organoids to
investigate whether EV39 or EV42 could increase the population of mature
cell types identified in pediatric/adult stages. Intriguingly, the estimated
proportions of metabolically and functionally mature type II enterocytes
were enriched by EV39 but not by EV42 (Fig. 3b). Additionally, BEST4+
enterocytes, a recently identified novel subtype of absorptive cells pre-
dominantly enriched in mature enterocytes'® and unique to the human
intestinal epithelium”', showed increased estimated proportions in EV39-
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treated premature intestinal organoids (Fig. 3b). This suggests that our
premature intestinal epithelial model is functional and capable of detecting
maturation signals that induce BEST4+- cells. Importantly, among the genes
we identified as highly enriched in adult enterocytes (Fig. 2¢, d), TM4SF20,
THSD4, SLC46A1, LCT, and ABTB2 were upregulated in EV39-treated but
not in EV42-treated premature intestinal organoids (Fig. 3¢, Supplementary
Fig. 3f), aligning with elevated estimated proportions of mature type II
enterocytes. Notably, EV39 consistently induced the expression of mature
type II enterocyte-enriched genes, including TM4SF20, SLC46A1, LCT, and
ABTB2 in GA24 organoids (Supplementary Fig. 3g), corroborating the
efficacy of EV39 across human preterm intestinal epithelial models.

Mesenchymal stem cell-derived extracellular vesicles-induced
enrichment in functional genes for digestive capacity and nutri-
ent absorption in human preterm intestinal epithelial models
Given the increased proportion of mature type II enterocytes in EV39-
treated organoids (Fig. 3b), we estimated the enterocyte maturity score
by averaging the expression levels of enterocyte genes that increase with
age (Supplementary Table 3). As expected, EV39-treated preterm
organoids showed a higher enterocyte maturity score compared to
control or EV42-treated organoids (Fig. 3d). Moreover, genes upregu-
lated by EV39 compared to control were enriched for gene ontologies
related to the transport of lipids, sterols, and cholesterol (Fig. 3e), similar
to metabolic pathways enriched in adult-type (type II) enterocytes
(Supplementary Fig. 2g).

Compared to term infants, the small intestinal epithelium of pre-
term infants exhibits reduced digestive capacities in enterocytes because
some digestive enzymes develop during the later stages of gestation™*.
Given that significant enterocyte maturation occurs from the fetal stage
to adult stage during small intestinal development (Fig. 2a) and that
EV39 induced enrichment of adult-like type II enterocytes (Fig. 3b), we
investigated whether specific genes related to digestion were altered by
EV39. Both EV39 and EV42 altered the expression of genes encoding
digestive enzymes, compared to the control, but in a distinct manner
(Supplementary Fig. 3h). We thus compared key genes involved in
protein digestion, TMPRSS15 and ANPEP, by quantitative Real-Time
PCR (qRT-PCR), which were enriched in enterocytes from the pediatric/
adult stages (Supplementary Fig. 2i). TMPRSSI5 encodes enter-
opeptidase, which initiates a protease activation cascade essential for
protein digestion, and ANPEP encodes alanyl aminopeptidase, which
plays arole in the final digestion of peptides generated from hydrolysis of
proteins®”’. EV39 induced the expression of these genes in two lines of
preterm intestinal organoids (Fig. 3f, Supplementary Fig. 3g), suggesting
that EV39 might enhance the nutritional value of proteins and peptides
by regulating key enzymes involved in their digestion.

In the 3 trimester of pregnancy, the fetus increases its nutrient
demands to support rapid tissue growth and fat deposition; however, pre-
term birth disrupts the placental transfer of essential nutrients such as fatty
acids, exacerbating the nutritional challenges for preterm neonates’"””. We
therefore investigated whether EV39 induces genes involved in nutrient
absorption, including fatty acids, amino acids, and inorganic solutes
(Fig. 3g-i, Supplementary Fig. 3h-k).

Among fatty acid transporter genes, EV39 induced the expression
of APOB, ACSL5, and SLC27A4 (Fig. 3g, Supplementary Fig. 3g, i), which
were also more enriched in the 2™ trimester or pediatric/adult stages
than in the 1* trimester stages (Supplementary Fig. 2h). APOB (apoli-
poprotein B) plays a crucial role in lipid transport by serving as an
essential structural component of lipoprotein particles, such as chylo-
microns, to facilitate the absorption and transport of dietary lipids”.
During fetal development, the human intestine progressively increases
the editing of APOB transcripts, enhancing the efficiency of lipid
transport to meet the growing energy and developmental needs, coin-
ciding with the onset of intestinal development™”. ACSL5, the major
small intestinal acyl-coenzyme A (CoA) synthetase, mediates the initial

step of dietary fat absorption within enterocytes by adding CoA to fatty
acids, forming acyl-CoAs that are effectively trapped inside
enterocytes”®. SLC27A4 encodes a protein responsible for long-chain
fatty acid (LCFA) transport in the small intestine, esterifying long and
very long-chain fatty acids with CoA””.

Among amino acid transporters genes (SLC families: 1, 3, 6, 7, 15, 16,
25, 36, 38, and 43)"%, many genes in the SLC6 and SLC7 families, exhibited
elevated expression following EV39 treatment in preterm organoids (Sup-
plementary Fig. 3j). The SLC6 family encodes epithelial neutral amino acid
transporters, while the SLC7 family is associated with cationic amino acid
and glycoprotein transport””. Among amino acid transporter genes
exhibiting higher expression in the pediatric/adult stages than in the fetal
stages (Supplementary Fig. 21), SLC6A 19, SLC25A12, and SLC1A1 were also
enriched in EV39-treated preterm organoids (Fig. 3h). SLC6A19 encodes a
neutral amino acid transporter, which facilitates the transport of essential
amino acids, such as leucine, valine, and methionine®'. The SLC25 family
encodes mitochondrial carriers, and SLC25A12 specifically encodes the
aspartate/glutamate carrier isoform 1 (AGC1). SLCI1A1I encodes an anionic
amino acid transporter, which has Na*-dependent transport activity for
aspartate and glutamate®. Our findings, which showed that EV39 induces
changes in genes involved in protein/peptide digestion (Fig. 3f, Supple-
mentary Fig. 3g) and the absorption of amino acids resulting from digestion
(Fig. 3h, Supplementary Fig. 3g), hold potential translational value. This is
particularly relevant because preterm infants require higher levels of protein
and amino acids than term infants to achieve normal growth®.

The absorption of nutrients, such as dipeptides, free amino acids and
fatty acids, depends on the activity of specific transporters. This process is
accompanied by cotransport or reverse transport of inorganic solutes (Na,
H*, CI, or HCOy), relying on ion exchangers to create driving forces
(transmembrane ion gradients)*. Among the genes involved in transport-
ing inorganic solutes, EV39 treatment upregulated Na™/H* exchanger
(SLC9A family, NHE), SLC26A3, and cystic fibrosis transmembrane con-
ductance regulator (CFTR) channels, which were also enriched in the
pediatric/adult stages (Fig. 31, Supplementary Fig. 2k, 3k). SLC9A3 (NHE3)
is essential for the intestinal absorption of various nutrients and minerals
such as Ca™*, glucose, fatty acids, and amino acids***’. SLC26A3 encodes CI'/
HCO; exchanger, also known as DRA, which is functionally coupled to
CFTR in the gastrointestinal tract to mediate ClI, HCO;, and fluid
secretion®’. Manifestations of cystic fibrosis, caused by mutations in CFTR,
and associated complications are linked to maldigestion and malabsorption,
potentially affecting nutritional status in the long-term®. Thus, the mark-
edly elevated expression of CFTR and SLC26A3 in response to EV39
treatment in two lines of preterm intestinal organoids (Fig. 3i, Supple-
mentary Fig. 3g) could have potential value in improving digestion and
nutrient absorption, functions that are often compromised in preterm
infants.

Epithelial tight junctions also play a key role in regulating the perme-
ability of ions, nutrients, and water while restricting pathogen entry, thus
preserving the epithelial barrier function®. We thus investigated whether
EV39 affects genes encoding tight junction proteins, such as claudins and
zona occludens-1. Similar to their expression increases in the pediatric/adult
stages compared to the fetal stage, the expression of claudins (CLDN1 and
CLDN?2) and zonula occludens-1 (ZO-1) in preterm intestinal organoids
was increased by EV39 treatment (Fig. 3j, Supplementary Fig. 2m, 31, 3g).
This effect was further validated at the protein level by enhanced ZO-1
staining in EV39-treated preterm intestinal organoids (Supplementary
Fig. 3m). Some evidence suggests that CLDNZ2 promotes epithelial
proliferation””, and EV39 also significantly increased proliferation (Sup-
plementary Fig. 3n). Taken together, our findings demonstrate that MSC-
derived EVs, particularly EV39, induce adult-like maturation signatures in
two lines of preterm intestinal epithelial models. This encompasses the
enrichment of mature enterocyte populations, upregulation of genes
involved in digestive enzymes and nutrient transporters, and enhancement
of barrier integrity.
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CFTR-dependent enrichment of adult-type enterocyte sig-
natures in mesenchymal stem cell-derived EV39-treated human
preterm intestinal epithelial models

EV39 treatment in premature intestinal organoids induced a notable
enrichment of BEST4+ enterocytes, which are more abundant in
pediatric/adult stages than in fetal stages (Figs. 1d, 3b). Given that the

CFTR positive cell
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most striking difference between BEST4+ cells in the small intestine
versus the colon is CFTR expression in the small intestinal BEST4+
cells”, and our analysis further confirmed previous findings showing
enrichment of CFTR High Expresser (CHE) populations in adult-type
BEST4+ cells'***** (Supplementary Fig. 4a, b), we decided to investigate
the contribution of CFTR by using a CFTR inhibitor (CFTR inhibitor
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Fig. 4 | Mesenchymal stem cell-derived extracellular vesicle (EV39)-induced
enterocyte maturation in human preterm intestinal epithelial cells via cystic
fibrosis transmembrane conductance regulator (CFTR). a Schematic illustration
of the experimental procedure showing preterm intestinal epithelial cells treated
with EV39 (2 x 10° EVs/mL) and a cystic fibrosis transmembrane conductance
regulator (CFTR) inhibitor (CFTR inhibitor 172, 10 uM) for seven days. Relative
mRNA expression of BEST4+ enterocyte marker genes (b), adult enterocyte marker
gene (c), and functional enterocyte markers: digestive enzyme genes (d), fatty acid
transporter genes (e), inorganic solute transporter genes (f), amino acid transporter
genes (g), and cell junction genes (h) in preterm intestinal epithelial cells treated with
EV39 (2 x 10° EVs/mL), with or without CFTR inhibitor (CFTRinh, 10 uM) for
seven days. mRNA levels of each gene are normalized to HPRTI and RPLPO levels.
NT, non-treated group (n = 3, 3 wells per group, EV39 vs. NT, or EV39 + CFTR
inhibitor). i Relative mRNA expression of adult enterocyte marker gene (TM4SF20,
THSD4, SLC46A1, LCT, ABTB2) in preterm intestinal epithelial cells treated with
forskolin (10 uM) for seven days. mRNA levels of each gene are normalized to
HPRT1I and RPLPO levels. NT, non-treated group (n = 3, 3 wells per group, NT vs.

forskolin). j Relative mRNA expression of adult enterocyte marker gene (TM4SF20,
THSD4, SLC46A1, LCT, ABTB2) in preterm intestinal epithelial cells treated with
VX-770 (CFTR potentiator, 3 uM), with or without VX-445 (CFTR corrector, 3 uM)
for seven days. mRNA levels of each gene are normalized to HPRT1 and RPLP0O
levels. NT, non-treated group (n = 3, 3 wells per group, NT vs. other groups). k (left
panel) Representative immunofluorescence images showing EdU-stained nuclei of
proliferating cells (red) and CFTR expression (green) in preterm intestinal epithelial
cells treated with EV39 (2 x 10’ EVs/mL) for seven days. All nuclei were counter-
stained with Hoechst. (right panel) Quantification of total CFTR-positive cells and
the number of EdU-positive versus EdU-negative cells among CFTR-positive cells in
the indicated experimental groups. White-filled arrowheads indicate EdU-labeled
CFTR-positive cells, and unfilled arrowheads indicate EdU-negative CFTR-positive
cells. NT, non-treated group (1 = 10, comprising 10 organoids from 2 wells per
group, NT vs. EV39). Scale bar = 20 um. Quantitative data are expressed as the
mean + standard error of the mean (S.E.M). *P < 0.05, **P < 0.01, ***P < 0.001. P
values were determined by one-way ANOVA with Dunnett’s post hoc test (b-h, j)
and unpaired two-tailed Student’s ttests (i, k). See also Supplementary Fig. 4, 5.

172) in the EV39-treated premature human intestinal epithelial
model (Fig. 4a).

CFTR inhibition suppressed the EV39-induced increase in BEST4+
cell markers, particularly CFTR, but not GUCA2a (Fig. 4b). Intriguingly,
TM4SF20, THSD4, SLC46A1, and ABTB2, which we identified as highly
enriched genes in adult enterocytes (Fig. 2¢, d) and in EV39-treated preterm
organoids (Fig. 3c), were CFTR-dependent (Fig. 4c). This prompted us to
investigate whether CFTR inhibition also reverses EV39-induced increases
in functional genes for digestive capacity and nutrient absorption. Inter-
estingly, genes encoding fatty acid, inorganic solute, amino acid transport,
and cell junction proteins were dependent on CFTR activity, except for those
involved in protein digestion (TMPRSS15 and ANPEP) (Fig. 4d-h). Treat-
ment with forskolin, a CFTR activator, was sufficient to increase the
expression of adult-type enterocyte genes (Fig. 4i), including those encoding
fatty acid, inorganic solute, amino acid transporters, as well as cell junction
proteins (Supplementary Fig. 4c), similar to those induced by EV39. This
finding led us to investigate whether improving CFTR function using drugs
prescribed for cystic fibrosis patients, such as the CFTR potentiator VX-770
(Ivacaftor)” and the second-generation CFTR corrector VX-445
(Elexacaftor)”™™, often used in combination with the first-generation
CFTR corrector Tezacaftor, could produce similar effects. Combination
treatment with VX-770 and VX-445 effectively induced the expression of
adult-type enterocyte genes (Fig. 4j), comparable to those induced by EV39
or forskolin. These treatments also increased the expression of genes
involved in fatty acid, amino acid, and inorganic solute transport, as well as
cell junction proteins, but not genes associated with protein digestion
(TMPRSS15 and ANPEP) (Supplementary Fig. 4d). This aligns with the
effects of CFTR inhibition on EV39-induced enterocyte functional gene
expression (Fig. 4c-h)

Based on the unexpected effects of CFTR activity on genes expressed in
enterocytes, we investigated CFTR distribution across the small intestinal
epithelial cell population. Consistent with previous findings'***, CFTR
expression is highest in BEST4+ cells (Supplementary Fig. 5a). However,
unlike the minimal expression of BEST4 in cell types other than BEST4+
cells (Supplementary Fig. 5b), CFTR was relatively highly expressed in ISCs,
TAs, and adult-type enterocyte precursors (Supplementary Fig. 5a). The
absence of BEST4 in ISCs aligns with the fact that BEST4+ cells are not
found in the proliferating crypt zone and are negative for the cell pro-
liferation marker Ki67”’. CFTR expression, in contrast, is known to be
highest in crypt cells, with a gradient decreasing towards the villi tips”~”,
consistent with our observations of CFTR expression in ISCs (Supple-
mentary Fig. 5a). This suggests that CFTR expression varies significantly
across different intestinal cell types, with distinct populations—BEST4+
cells with the highest CFTR expression and ISCs with relatively high CFTR
expression.

Previously, CFTR expression in adult mouse ISCs has been reported in
Sox9 low ISCs, which are enriched with LGR5, showing that CFIR is

expressed in crypt-base stem cells where adult ISCs are located and acts as a
growth suppressant'”. This aligns with CFTR expression patterns in ISCs in
adult stages (ISC II), along with ISC markers LGR5 and OLFM4 (Supple-
mentary Fig. 5c-e). In contrast to the well-documented expression and role
of CFTR in the adult intestinal epithelium, its expression in the immature
fetal intestinal epithelium has not been well studied. Notably, CFTR high
cells in fetal ISCs did not co-express LGR5 and OLFM4, distinguishing them
from CFTR high adult ISCs (ISC II) (Supplementary Fig. 5c—e). This dis-
crepancy led us to investigate whether the cell cycle phases of CFTR high
ISCs differ between adult and fetal stages.

Consistent with previous findings'”, adult-type ISC II cells were
enriched in the G1 phase of the cell cycle, and similarly, LGRS5 high fetal-type
ISC1 cells were mainly in the G1 phase (Supplementary Fig. 5e, f). However,
CFTR high fetal ISC1 cells were enriched in the S phase and showed a strong
correlation with PCNA expression (Supplementary Fig. 5d, f, g), a marker
for cell proliferation from early G1 to late S phase'”. Additionally, this
aligned with gene expression of S phase-specific signatures (Supplementary
Fig. 5g)'”. Treatment with forskolin, a CFTR activator, significantly
increased EdU labeling, which marks the S phase of the cell cycle (Supple-
mentary Fig. 5h), whereas EV39-induced EdU labeling was significantly
inhibited by CFTR inhibitor (Supplementary Fig. 5i), suggesting that CFTR
activation induces cell proliferation in human premature intestinal epithelial
cells, differing from its suppressive role in cell proliferation in the mouse
adult intestinal epithelium'®. To further explore this, we generated mouse
intestinal organoids from postnatal day 2 and 8 weeks of age, where neither
EV39 nor forskolin affected cell proliferation (Supplementary Fig. 5j, k).
These findings collectively suggest that the role of CFTR activation as a
promoter of intestinal cell proliferation is specific to the human premature
intestine but not likely in the mouse intestine. This raised the question of
whether CFTR-expressing cells can be proliferating. Importantly, CFTR-
positive proliferating cells (EdU-positive cells among CFTR-positive cells)
were significantly induced by EV39 (Fig. 4k), supporting the findings of
CFTR high fetal ISC cells in the S phase (Supplementary Fig. 5d, g).

Collectively, these observations suggest that in the immature ISCs,
CFTR activation may promote a proliferative state and potentially drives
differentiation into mature adult-type enterocyte precursors, subsequently
affecting the functional maturation of the intestinal epithelium. However,
whether CFTR in the ISCs or BEST4+ cells contribute to the development
of adult-type enterocytes requires further validation.

Enrichment of TGFB1 signaling pathways in mesenchymal stem
cell-derived EV39-treated human preterm intestinal

epithelial models

To elucidate the molecular mechanisms underlying EV39-mediated
maturation in premature intestinal organoids, we performed gene set
enrichment analysis (GSEA), identifying TGFp signaling as the most sig-
nificantly enriched pathway in EV39-treated organoids (Supplementary
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Fig. 6a). Through comprehensive proteomics analysis using liquid-
chromatography with tandem mass-spectrometry (LC-MS/MS) on EV39
and EV42 (Supplementary Fig. 6b), we identified 407 common proteins,
with 141 unique to EV39 and 43 unique to EV42 (Fig. 5a). To explore cell-
cell communication mediators, we focused on ligands and identified 16
ligand candidates using the CellChat v2 database'*, filtering for proteins

with more than a twofold increase in EV39 over EV42. These included
ANXA1, C3, CADM1, DSC1, FGF2, HLA-A, INHBA, LAMA2, MDK,
POSTN, PRNP, PSAP, PTN, SLIT2, TGFp1, and VIN. The abundance of
TGFB1 in EV39 suggests its role in mediating the enrichment of
TGFp1 signaling pathways by EV39. Quantitative RT-PCR confirmed this,
showing EV39-induced increases in TGFf1 and downstream effectors such
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Fig. 5 | Identification of TGFP1 and FGF2 as mediators of enterocyte maturation
within extracellular vesicle EV39. a Venn diagram of LC-MS/MS-based proteomic
analysis of MSCs-derived extracellular vesicles (EV39 and EV42). Among the
abundant or unique proteins in EV39, 16 ligand candidates, including fibroblast
growth factor II (FGF2) and transforming growth factor I (TGFf1), were identified
based on the CellChat v2 database. b Bar plot of relative mRNA expression of TGF}
signaling pathway-associated genes in preterm intestinal epithelial cells treated with
EV39 (2 x 10° EVs/mL for seven days) in the presence of a TGFf1 receptor inhibitor
(A83-01, 500 nM, n = 3, 3 wells per group, NT vs. EV39). ¢ Relative mRNA
expression of adult enterocyte marker genes (TM4SF20, THSD4, SLC46A1, LCT,
ABTB?2) in preterm intestinal epithelial cells. The cells were treated with EV39

(2 x 10° EVs/mL), TGFp1 (0.1 ng/mL), FGF2 (10 ng/mL), or co-treatment of TGFp1
and FGF2 for seven days, in the absence of A83-01. mRNA levels of each gene are
normalized to HPRTI and RPLPO levels. NT, non-treated group (1 = 3, 3 wells per
group, NT vs. other groups). d Summary of gene expression patterns for EV39-
induced enterocyte markers, including the effects of TGFp1 or co-treatment of
TGFp1 and FGF2. e Relative mRNA expression of adult enterocyte marker genes and

functional enterocyte markers: digestive enzyme genes, fatty acid transporter genes,
amino acid transporter genes, inorganic solute transporter genes, and cell junction
genes in the preterm intestinal epithelial cells co-treated with TGFp1 (0.1 ng/mL)
and FGF2 (10 ng/mL), with or without CFTR inhibitor (CFTRinh, 10 uM) for seven
days. mRNA levels were normalized to HPRTI and RPLP0. NT, non-treated group
(n =3, 3 wells per group, TGFP1 + FGF2 vs. NT, or TGFf1 + FGF2 + CFTR
inhibitor). f (left panel) Representative immunofluorescence images showing the
EdU-stained nuclei of proliferating cells (red) in the preterm intestinal epithelial cells
co-treated with TGFp1 (0.1 ng/mL) and FGF2 (10 ng/mL), with or without CFTR
inhibitor (CFTRinh, 10 uM) for seven days. All nuclei were counterstained with
Hoechst. (right panel) Quantification of EdU-positive cells in the indicated
experimental groups. NT, non-treated group (n = 10, comprising 10 organoids from
2 wells per group, TGFP1 + FGF2 vs. NT, or TGFp1 + FGF2 + CFTR inhibitor).
Scale bar = 100 um. Quantitative data are expressed as the mean + standard error of
the mean (S.E.M). *P < 0.05, ¥**P < 0.01, ¥***P < 0.001. P values were determined
using unpaired two-tailed Student’s ¢ tests (b) and one-way ANOVA with Dunnett’s
post hoc test (c,e,f). See also Supplementary Fig. 6.

as SMAD3 and SMAD4 (Fig. 5b). The induction of SMADs via EV39 was
notable, given that human intestinal organoid cultures typically require a
TGFp1 receptor inhibitor (A83-01) for long-term maintenance'”. Our
culture conditions for premature intestinal organoids included this inhi-
bitor, but at low concentrations, allowing us to observe TGFp1 signaling
activation even in its presence. We then treated premature intestinal orga-
noids with either EV39 or TGFp1 in the absence of A83-01. EV39, regardless
of the presence of A83-01, induced the expression of genes highly enriched
in adult-type enterocytes (Fig. 5¢), as well as genes encoding fatty acid,
inorganic solute, amino acid transporters, and cell junction proteins—key
functions of mature enterocytes (Supplementary Fig. 6d). Most of these
genes, including CFTR, were regulated by TGFp1, though not all.

To identify additional factors, we focused on FGF2, which was
uniquely present in EV39 (Fig. 5a) and more enriched in pediatric/adult
stages than in fetal stages (Supplementary Fig. 6¢). While FGF2 did not
regulate CFTR expression, the combination of TGFp1 and FGF2 was suf-
ficient to induce the expression of EV39-induced genes in two lines of
preterm intestinal organoids (Fig. 5d, Supplementary Fig. 6d, e), indicating
that the effects of EV39 are mediated through these ligands. CFTR-
dependent regulation of adult-type enterocyte genes was observed following
treatment with TGFf1 and FGF2, similar to the effects of EV39, with the
exception of amino acid transporter genes (Fig. 5¢). This suggests that CFTR
activation mediates downstream effects of these signaling pathways in the
premature intestine. As expected, the combination of TGFP1 and FGF2 also
promoted proliferation in preterm organoids to levels comparable to EV39
treatment (Supplementary Fig. 6f), which was similarly dependent on CFTR
activity (Fig. 5f). CFTR-dependent cell proliferation by TGFp1 and FGF2
was also observed in GA24 organoids (Supplementary Fig. 6g). Interest-
ingly, CFTR-high fetal ISCI cells exhibited enriched expression of TGFBRI,
TGFBR2, FGFR2 and FGFR4, along with an S phase signature (Supple-
mentary Fig. 5g, 6h). Co-treatment with TGFP1 and FGF2 significantly
increased the proportion of CFTR-positive proliferating cells (Supple-
mentary Fig. 6i), suggesting that CFTR-high fetal ISCI cells are likely cycling
stem cells that mediate TGFP1 and FGF2 signals to drive proliferation and
subsequent enterocyte maturation.

CFTR-dependent functional enterocyte maturation in human
premature intestinal epithelial models via EV39 or TGFf1

and FGF2

To corroborate the EV39- or TGFp1l and FGF2-induced enrichment of
adult-type enterocyte signatures, we investigated whether these treatments
improve epithelial barrier integrity and fatty acid uptake in human pre-
mature intestinal epithelial models, with a focus on CFTR dependency. To
assess epithelial barrier integrity, we cultured 3D premature intestinal
organoids as monolayers in transwell inserts, treated them with EV39 or
TGFp1 and FGF2, and then measured the apical-to-basolateral passage of
fluorescein isothiocyanate (FITC)-Dextran (4 kDa) across the epithelium.

Consistent with the gene expression changes (Figs. 3j, 5¢), EV39 or co-
treatment with TGFB1 and FGF2 decreased the fluorescence level of FITC-
dextran in the bottom chamber (Fig. 6a). CFTR-dependent enhancement of
barrier function by TGFfp1 and FGF2 was observed in two lines of preterm
intestinal organoids (Fig. 6b). This finding was further supported by the
increased cell junction marker ZO-1 and proteins involved in fatty acid
uptake, such as FABP1 (Fig. 6¢), which was reversed by CFIR inhibition
(Fig. 6d). Finally, long-chain fatty acid uptake was significantly enhanced by
EV39 or TGFp1 and FGF2, as evidenced by the increased intracellular
BODIPY-CI16 fatty acid fluorescence intensity (Fig. 6e). TGFp1 and FGF2-
induced long-chain fatty acid uptake was also dependent on CFTR activity
in two lines of preterm intestinal organoids (Fig. 6f). These finding indicate
that EV39 and its key ligands, FGF2 and TGFp1, promote cell integrity and
fatty acid uptake in the human premature intestinal epithelium through
CFTR-dependent mechanisms.

Discussion

This study provides significant insights into the developmental dynamics
underlying the maturation of the human intestinal epithelium. By inte-
grating scRNA-seq data across fetal, pediatric, and adult stages, we have
delineated distinct enterocyte differentiation trajectories, identifying key
markers specific to more mature developmental stages. This comprehensive
approach allowed us to assess the impact of MSC-derived EVs on human
premature intestinal epithelial models, revealing that EV39 significantly
enhances the expression of adult-like enterocyte markers and promotes
functional maturation in a CFTR-dependent manner. Importantly, we
identified TGFP1 and FGF2 as critical mediators within EV39 that drive
these maturation processes.

CFTR (Cystic Fibrosis Transmembrane Conductance Regulator), akey
regulator of chloride and bicarbonate secretion'”, is crucial for maintaining
ion and fluid homeostasis'”” and facilitating mucin secretion'”. CFTR
dysfunction, as seen in cystic fibrosis (CF), leads to thickened mucus and
gastrointestinal pathologies'”. Our findings expand CFTR’s recognized role
by demonstrating that its activation enhances adult-type enterocyte gene
expression and promotes functional maturation. CFTR modulators, such as
Elexacaftor-tezacaftor-ivacaftor, which target the underlying CFTR defect,
have shown positive effects on BMI and overall nutritional status in patients
aged 12 years or older with cystic fibrosis (CF)"'*'"', highlighting the pivotal
role of CFTR in preventing these gastrointestinal pathologies.

Meconium-related ileus (MRI) in term infants has traditionally been
associated with CF'”>. However, with the increased survival of extremely
premature infants, cases of MRI without CF are becoming more common,
particularly in regions like East Asia where CF prevalence is low"*'"*. The
pathophysiology of MRI without CF is thought to resemble CF-related MRI,
with highly tenacious meconium obstructing immature intestines that have
compromised ionic secretory function and intestinal motility'"”. As these
patients lack CFTR mutations, it is postulated that decreased CFTR activity,
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rather than genetic mutations, may be the underlying cause. Cases where CF
mothers received CFTR modulators during pregnancy have shown reso-
lution of MRI in their infants'*'"”, suggesting a preventative effect on fetal
intestinal pathologies'. Similarly, pediatric CF patients have shown
improvements in gut environment following CFIR modulator
administration''*'"”, To validate the relationship between reduced CFTR

NT TGFB1+TGFp1+
FGF2 FGF2+
CFTRinh

activity and MR, future studies should examine CFTR activity in intestinal
tissue samples from MRI patients. If confirmed, CFTR modulators could be
explored as new preventive and therapeutic strategies for high-risk infants,
such as those born prematurely or exposed to antenatal MgSO,, which is
often used for fetal neuroprotection but has been associated with an
increased the risk of MRI'”". To the extent of our knowledge, this research
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Fig. 6 | CFTR-dependent functional maturation of human preterm intestinal
epithelial cells by EV39 or TGFf1 and FGF2. a Quantification of FITC-dextran
fluorescence concentrations in the basolateral well of transwell membranes, mea-
suring leakage from the upper to the lower chambers. The measurement was taken
from the lower chamber after treatment with EV39 (2 x 10° EVs/mL) or co-
treatment with TGFp1 (0.1 ng/mL) and FGF2 (10 ng/mL) for eight days. NT, non-
treated group (n = 3, 3 wells per group, NT vs. other groups). b Quantification of
FITC-dextran fluorescence concentrations in the basolateral well of transwell
membranes, measuring leakage from the upper to the lower chambers. The mea-
surement was taken from the lower chamber after co-treatment with TGFp1 (0.1 ng/
mL) and FGF2 (10 ng/mL), with or without CFTR inhibitor (CFTRinh, 10 uM) in
GA 27 (left panel) or GA 24 (right panel) preterm intestinal organoids for eight days.
NT, non-treated group (n = 3, 3 wells per group, TGFP1 + FGF2 vs. NT, or
TGFp1 + FGF2 + CFTR inhibitor). ¢ (upper panel) Representative immuno-
fluorescence images showing the tight junction marker zonula occludens-1 (ZO-1,
green) and fatty acid uptake marker (FABP1, red) in preterm intestinal epithelial cell
layers treated with EV39 (2 x 10° EVs/mL) or co-treated with TGFp1 (0.1 ng/mL)
and FGF2 (10 ng/mL) for eight days. (lower panel) Fluorescence intensity of ZO-1
and FABP1 proteins in the indicated experimental groups. NT, non-treated group
(n =29 per sections group, NT vs. other groups). Scale bar = 50 and, 20 pm for
enlarged images, respectively. d (upper panel) Representative immunofluorescence

images showing the tight junction marker zonula occludens-1 (ZO-1, green) and
fatty acid uptake marker (FABP1, red) in preterm intestinal epithelial cell layers co-
treated with TGFf1 (0.1 ng/mL) and FGF2 (10 ng/mL), with or without CFTR
inhibitor (CFTRinh, 10 uM) for eight days. (lower panel) Fluorescence intensity of
Z0-1 and FABPI proteins in the indicated experimental groups. NT, non-treated
group (n =9 per sections group, TGFp1 + FGF2 vs. NT, or TGFB1 + FGF2 + CFTR
inhibitor). Scale bar = 50, and 20 um for enlarged images, respectively. e (left panel)
Representative immunofluorescence images showing BODIPY-labeled C16:0 in
preterm intestinal epithelial cells treated with EV39 (2 x 10° EVs/mL) or co-treated
with TGFp1 (0.1 ng/mL) and FGF2 (10 ng/mL) for eight days. (right panel)
Absorption levels of BODIPY-C16 were measured using a microplate reader. NT,
non-treated group (n =3, 3 wells per group, NT vs. other groups). Scale bar = 100
pm. f (left panel) Representative immunofluorescence images showing BODIPY-
labeled C16:0 in GA 27 (upper panel) or GA 24 (bottom panel) preterm intestinal
epithelial cells co-treated with TGFB1 (0.1 ng/mL) and FGF2 (10 ng/mL), with or
without CFTR inhibitor (CFTRinh, 10 uM) for eight days. (right panel) Absorption
levels of BODIPY-C16 were measured using a microplate reader. NT, non-treated
group (n = 3, 3 wells per group, TGFp1 + FGF2 vs. NT, or TGFp1 + FGF2 4 CFTR
inhibitor). Scale bar = 100 um. Quantitative data are expressed as the mean +
standard error of the mean (S.E.M). *P < 0.05, **P < 0.01. P values were determined
using one-way ANOVA with Dunnett’s post hoc test (a-f).

may also pave the way for novel treatments for other conditions affecting
immature intestine, such as necrotizing enterocolitis (NEC), and address
long-term complications in preterm infants, such as extrauterine growth
restriction due to suboptimal intestinal absorptive capacity.

Our study also uncovered a population of proliferating CFTR-
expressing cells during the early stages of intestinal development. These cells
appear to serve as a crucial transitional population, possibly bridging the gap
between undifferentiated stem cells and mature enterocytes. The presence of
CFTR in proliferating cells suggests a novel function for CFTR beyond its
traditional role. Our findings build on the existing knowledge of CFIR’s
critical role in crypt cells'*"'**, proposing a multifaceted function of CFTR in
intestinal stem cells (ISCs) that varies depending on the developmental
stage. While CFTR has been shown to inhibit cell proliferation in ISCs of
adult mice'™'”, our data suggest a more complex role during premature
intestinal development. Specifically, CFTR activation with TGFp1 and
FGF2 appears to promote a proliferative state in premature ISCs, potentially
driving these cells toward differentiation into mature enterocytes. This raises
the possibility that defective CFTR activity could lead to immature enter-
ocytes with impaired nutrient absorption, a hallmark of CFIR
mutations'**"**, Future studies should investigate whether the CFTR-high
proliferative population contributes to the expansion of the intestinal epi-
thelium during periods of rapid growth, ensuring sufficient production of
mature enterocytes to meet developmental demands. Tracking CFTR-
positive ISCs in preterm intestines would also help clarify their role in
enterocyte maturation.

Peptide growth factors such as EGF, TGFf1, HGF, FGF, and IGF are
well-documented for their roles in stimulating gastrointestinal cell pro-
liferation and differentiation'””. Our study emphasizes the roles of FGF2 and
TGFp1 in intestinal maturation. FGF2 has broad developmental functions
across various organ systems""'”’, including the gastrointestinal tract'**'”,
although its role in intestinal maturation has been underexplored. FGF2
often works in concert with other growth factors, such as TGFp1 and EGF,
to regulate the complex processes of cell growth, differentiation, and tissue
formation in the intestine"*. TGF1 is found in developing gastrointestinal
tissue'” and is known to regulate regeneration'”, reconstitution'”’, de-
differentiation'”’,  enterocyte  proliferation'”’,  and  enterocyte
differentiation'*. The role of TGFf1 in the crypt-villus axis remains deba-
ted, with some studies suggesting that TGFP1 is elevated in undifferentiated
crypt cells"”, while others report its high expression at the differentiated cells
located at the villus tip'*. Additionally, while some studies indicate that
TGFB1 inhibits proliferation and promotes differentiation'*"'*, other
research suggests that TGF1 signaling enhances cellular proliferation in the
crypt under irradiation'”. TGFpP1 also exhibits a protective effect by

enhancing intestinal integrity in response to TNFa challenges'®’, but
TGFp1-mediated growth factor signaling has been implicated in tumor-
igenesis in colorectal cancer'*’. These findings highlight the dichotomous
functions of TGFp1 in the intestine.

In summary, our study advances the understanding of the molecular
mechanisms underlying intestinal maturation, highlighting CFTR’s critical
role and the therapeutic potential of targeting CFTR alongside the FGF2 and
TGFP1 signaling axis. Using human preterm intestinal organoids, we
demonstrated that CFTR-dependent cell proliferation may be unique to the
human premature intestine. However, the study’s generalizability is limited
by the availability of only two lines of preterm intestinal organoids, owing to
challenges in accessing ileal tissue from preterm infants. This constraint
highlights the need of future studies utilizing preterm intestinal models
derived from infants of varying ages and clinical presentations to address
potential inter-individual variability. Despite these limitations, our findings
specifically expand the understanding of human intestinal development and
suggest potential therapeutic strategies. For instance, CFTR modulators
already in clinical use for patients with CFTR dysfunction could be repur-
posed to enhance intestinal function in preterm infants. Further research is
essential to comprehensively evaluate the therapeutic potential of targeting
the FGF2 and TGFp1 signaling axis, which is intricately linked to CFTR
activity in the premature human small intestine. Additionally, exploring the
complex regulatory networks governing intestinal maturation will be vital
for developing innovative therapies to address the challenges of intestinal
immaturity in high-risk infants.

Methods

Human preterm intestinal tissues

Human preterm small intestinal tissue was provided by Samsung Medical
Center. The study was reviewed and approved by the IRB of Samsung
Medical Center (IRB approval number: 2021-06-064) and all methods were
performed according to the IRB committee’s regulations. All ethical reg-
ulations relevant to human research participants were followed. The sample
was obtained from the NICU with informed consent from the donor’s
parents. Terminal ileal tissue from preterm infants born at 24 weeks and
27 weeks gestational age (GA), who underwent ileostomy at a corrected age
of 25 weeks and 28 weeks, respectively, were utilized for this study. One
preterm infant with a GA of 24 weeks was male and weighed 470 g at birth,
while another preterm infant with a GA of 27 weeks was female and weighed
660 g. Both infants presented with bowel ileus and abdominal distension but
did not develop necrotizing enterocolitis (NEC). The affected segment was
resected, and a double-barrel ileostomy was performed. The resected tissue
was sent for pathological diagnosis, which later revealed nonspecific
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findings consistent with a hemorrhagic infarct. A portion of the tissue was
processed for organoid immediately placed on ice after the surgical removal,
minced into approximately 1 mm x 1 mm pieces, and stored in cryopre-
servation medium CELLBANKER 1 (ZENOGEN PHARMA CO., LTD,
Koriyama, Fukushima, Japan) at —120 °C.

Mice

All animal experiments were conducted in compliance with ethical guide-
lines approved by the Institutional Animal Care and Use Committee
(IACUC) at the POSTECH Biotech Center. Ethical approval for this study
was obtained We have complied with all relevant ethical regulations for
animal use. Eight-week-old male C57BL/6 N mice (Orient bio, C57BL/
6NCrlOri) and postnatal day two mice were used for organoid establish-
ment. The mice were housed in specific-pathogen-free (SPF) conditions
with temperature and humidity control (22 + 3°C and 55 + 5% humidity) in
individually ventilated cages (IVC), with a 12-hour light and 12-hour dark
cycle. A standard rodent chow diet and water were provided ad libitum.
Euthanasia was performed by carbon dioxide (CO,) inhalation, following
ethical guidelines to minimize distress. Mice were euthanized in their home
cage, and a fill rate of 30-70% of the chamber volume per minute with 100%
CO, was used to achieve a balanced gas mixture and ensure rapid
unconsciousness.

Alignment of 10X Genomics scRNA-seq data

Raw sequencing data from 10x Genomics single-cell RNA sequencing
(scRNA-seq) gene expression (GEX) were aligned to the 10x Genomics
provided Human GRCh38 (GENCODE v32/Ensembl98) reference (2020-
A) using the CellRanger count (v7.2.0) with default parameters.

Deconvolution of hashed samples

Multiplexed samples with hashtag oligos (HTOs) from Fawkner-Corbett
et al. and Burclaff et al. were demultiplexed as previously described'”.
Initially, each corresponding antibody library was deconvoluted separately
using CITE-seq-count (v1.4.5) with the following parameter: -cbf 1 -cbl 16
-umif 17 -umil 28 - T 8 -cells 200000. Note that Burclaff et al.”’ stained single-
cells with TotalSeq Anti-Human Hashtag Antibody B as feature barcoding
technology, which caused a discrepancy between GEX and HTO. To
complement GEX barcodes and HTO barcodes, the cellular barcodes were
transformed based on 10x v3 barcode whitelist comprising complete set of
unique variants. HTO barcodes present in both GEX and HTO were only
selected for demultiplexing step. Filtered UMI count matrices of hashed
pool were normalized by log-normalization and then implemented into
HTODemux function to demultiplex samples based on HTO enrichment.
By performing k-medoid clustering on the normalized HTO values, k
(number of samples) +1 clusters were obtained, and some clusters were
defined as negative cluster based on the calculated negative distribution for
HTO. We fitted a negative binomial distribution to the negative cluster to
define threshold at 99" percentile of normalized UMI counts for the
hashtag. Negative group and doublet group assigned to either none or
multiple hashtags were excluded.

Quality control and processing of scRNA-seq

96 intestinal scRNA-seq data were processed by Seurat package (v5.1.0).
Scrublet (v.0.2.3) was applied individually for doublet detection in non-
multiplexed samples with automatically determined threshold of doublet
score'*’. After confirming co-localization of predicted doublets, they were
excluded from downstream analysis. Cells with less than 1000 genes or more
than 20,000 genes, and cells with more than 10% (fetus) or 50% (pediatric
and adult) of mitochondrial transcripts were considered as ambient RNA or
doublet and excluded. Listed ribosomal genes, mitochondrial genes and sex
chromosomal genes were removed. Feature counts of each cell were nor-
malized by log-normalization method and 3000 highly variable genes were
identified by variance stabilizing transformation method. Linear transfor-
mation was applied to normalized expression levels for linear dimensional
reduction. Principal component analysis (PCA) was performed based on

scale data of highly variable genes. Uniform manifold approximation and
projection (UMAP) and Louvain clustering was applied to top 20 PCs to
visualize cellular heterogeneity. Batch effect was corrected by using har-
mony (v1.2.0) algorithm®. Harmony based calculation of dimensionality
reduction was performed before UMAP calculation and clustering.

Cell type annotation

Highly expressed genes for each cluster were identified using the Preto
package, with criteria including AUC > 0.6, log2FC > 0.25, padj <0.05, and
pet_in >25. Clusters were manually annotated based on marker gene
expression patterns. Clusters that expressed either no marker genes or
multiple cell type markers were classified as doublets and excluded from
downstream analysis, including the MUC2 + FABP2+ doublets reported
by Elmentaite et al.”’. Additionally, as noted by Yu et al.”, we identified
potentially mis-dissected cells from adjacent tissues, such as colonocyte
progenitors in the fetal small intestine samples. All potential doublets were
removed, and only correctly annotated intestinal cells were used for further
analysis.

Quality-controlled intestinal cells were subdivided into mesenchymal
(DCN +, COL6A2+, COL3A1+, COLIA2+, MFAP4+), epithelial
(EPCAM +, CDHI1, KRT8+, KRT18+, FEXYD3 +, PERP + ), immune
(COROIA +, CD53+, CD37+, PTPRC+, LCP1+, LAPTM5+),
neural (ASCLI1+, PHOX2B+, CHRNA3-+, HAND2-+, TBX3+),
endothelial (CDH5+, FLTI+, CLDN5+, EGFL7+, ESAM+,
ECSCR+ ), and erythroid (GYPA +, HBM +, HBAI +, HEMGN + ).
Epithelial lineage cells were further subdivided into ISC (LGR5+,
OLFM4+, ASCL2+), proximal progenitor (FGG+, FGB+), TA
(MKI67+, TOP2A+, PCNA+), Paneth (DEFA5+, DEFA6+,
REG3A +), enterocyte precursor (FABP2+, APOA4-, RBP2 +), enter-
ocyte (FABP2+, APOA4+, RBP2+ ), BEST4 enterocyte (BEST4+,
OTOP2+, CFTR+), goblet (MUC2+, CLCAI+, TFF3+), EEC
(CHGA +, NEURODI + ), and tuft (POU2F3 +, LRMP +, TRPM5 +).
Enterocyte were classified into type I (fetal abundant) and type II (adult
abundant) based on sample age.

Pseudotime cell analysis and RNA velocity analysis

Single-cell trajectories were constructed using monocle 3 package. Each
cell was assigned to a discrete partition which collectively formed distinct
trajectories. By fitting principal graph within each partition, trajectory graph
was constructed. The root node of trajectory was specified by order_cells
function (ISCs in our study) for pseudotime computation. For the analysis
of pseudotime-dependent genes in fetal and pediatric/adult stages, differ-
entiation paths were initially isolated, and pseudotemporal genes were
identified by measuring multi-directional and multi-dimensional spatial
autocorrelation using Moran’s I statistics (q-value < 0.01, Moran’s 1> 0.2).
Fetal or pediatric/adult abundant genes were further filtered for the
respective pseudotemporal genes.

For the analysis of epithelial cell trajectories in fetal and pediatric/adult
stages, RN A velocities of single-cells were estimated based on unspliced and
spliced mRNA information using Velocyto”, and RNA velocities were
computed using the scVelo 0.3.2 package'*’ implemented in Scanpy 1.9.8.
Gene-specific velocities were calculated using stochastic models. Partition-
based graph abstraction (PAGA) analysis® was conducted with the
sc.tl.paga function using a 0.15 threshold.

Differential expression analysis

Due to inflated p values in single-cell differential expression analysis, single-
cells within each biological replicate were aggregated for pseudobulk dif-
ferential expression analysis”’. To identify specific and abundant signatures
of adult enterocytes, pseudobulk differential expression analysis was con-
ducted using DESeq2. This analysis revealed 344 significantly upregulated
genes. Among these, adult enterocyte-specific genes (with log-transformed
expression fold change >3) and abundant genes (with log-transformed
expression fold change >1) were defined based on the enterocyte expression
pattern. Age-dependent enterocyte signatures were generated by comparing
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differentially expressed genes (DEGs) between the first trimester and second
trimester, as well as between the second trimester and pediatric/adult stages.
For functional analysis, the identified DEGs were subjected to gene set
enrichment analysis (GSEA) using the MSigDB v2023.2.Hs collection.
Enterocyte functional module scores were computed by averaging the
expression levels of the listed genes and subtracting the aggregated
expression levels of randomly selected control feature sets.

Preprocessing and analysis of RNA-seq

The raw sequencing reads were trimmed for Illumina adapters using
Cutadapt (v4.7), and poor-quality reads were removed with Trim Galore
(v0.6.10). Quality-controlled reads were then mapped to the ensemble
GRCh38 human reference genome using STAR aligner (v2.7.10b). Tran-
script quantification was performed using RSEM (v1.3.1). Genes with fewer
than 10 counts were excluded from differential expression analysis. Nor-
malized counts were obtained through variance stabilizing transformation
(VST). Gene set variation analysis (GSVA) was conducted to quantify single
gene set activity based on the normalized counts. Differential expression
analysis was performed using DESeq2, with significant differentially
expressed genes (DEGs) identified by a Benjamini-Hochberg adjusted p
value < 0.05 and used for Gene Ontology (GO) term enrichment analysis.
Principal component analysis (PCA) was conducted on pseudobulk
scRNA-seq samples after removing batch effects using the removeBatch-
Effects function from the limma package.

Deconvolution of RNA-seq

Reference-based decomposition was performed using Bisque package'™ to
estimate cellular composition from bulk expression data. Epithelial single-
cell transcriptomic data were used as reference. Only genes common to both
epithelial scRNA-seq dataset and bulk RNA sequencing (RNA-seq) of
preterm intestinal organoids treated with MSCs derived EVs-treated were
included for deconvolution. The Averages proportions of each cell type
across replicates were visualized.

Isolation and characterization of extracellular vesicles from
mesenchymal stem cells

Human Wharton’s jelly-derived mesenchymal stem cells (WJ-MSCs) from
two different donors (lot 39 and lot 42), collected with an informed consent
for the study reviewed and approved by the Institutional Review Board
(IRB) of Samsung Medical Center (IRB approval number: 2016-07-102-043;
Date of approval: 2016-09-20; Approval expiration date: 2025-09-15), were
provided by the Good Manufacturing Practice (GMP) Facility of Samsung
Medical Center. WJ-MSCs were expanded, cultured, and characterized
according to the minimum criteria set by the International Society for Cell
Therapy"”' before the isolation of extracellular vesicles (EVs). W]-MSCs
were cultured in minimum essential medium (MEM)-a (Gibco; Grand
Island, NY, USA) supplemented with 10% fetal bovine serum (Biowest;
Bradenton, FL, USA) and 0.1% gentamycin (Gibco; Grand Island, NY,
USA). Research cell banking stored in -120°C at passage 4 was thawed and
stabilized. 6000 cells / cm> WJ-MSCs were seeded to 175 T flask and the
medium was changed every 48 h and passaged every 4 days. The doubling
time of WJ-MSCs were confirmed consistent. Surface markers of MSCs
were confirmed to be positive for CD90, CD73, and CD105 and negative for
CD14, CD45, and HLA-DR (Supplementary Fig. 3a, b). The EV isolation
and characterization aligned with the minimal information for the study of
extracellular vesicles 2018 checklist'”. At passage 7, W]-MSCs were pre-
conditioned with 20 units/mL thrombin (Reyon Pharmaceutical Co, Ltd;
Seoul, South Korea) in serum-free minimum essential medium (MEM)-a
(Gibco; Grand Island, NY, USA) for 3 h. The condition medium was col-
lected once after the 3 h preconditioning for the EV isolation. There were
36,000 cells / cm? WJ-MSCs in the flask at the time of condition medium
collection. The condition medium was filtrated through 0.22 um bottle top
vacuum filter system (Corning; Corning, NY, USA) to remove cells and
diafiltrated with DPBS (Welgene; Daegu, South Korea) through a tangential
flow filtration system (KrosFlo® KR2i, Repligen; Waltham, MA, USA),

performing both ultrafiltration and diafiltration. mPES membrane with a
300 kDa cut-off was used to filter out debris and isolate EVs. Approximately
5 L of conditioned medium were used to collect 50 mL of EV's. The collected
EVs were analyzed using Nanoparticle Tracking Analysis (NTA,
NanoSight NS300; Malvern, Malvern, UK). The mean size of EVs was
1335+ 12nm and 131.8+2.8nm, and the mean concentration was
2.14 x 10" particles/mL and 1.08 x 10" particles/mL for EV39 and EV42,
respectively (Supplementary Fig. 3c). Surface markers of isolated EVs were
confirmed to be positive for TSG101 and FLOT-1, and negative for GM130
(Supplementary Fig. 3d). The EVs were diluted in DPBS to a final con-
centration of 2 x 10" particles/mL for both EV39 and EV42. EVs stored at
-80 °C for less than 6 months were used in this study, with no cryoprotectant
used for storage.

Proteomic analysis of MSCs-derived extracellular vesicles (EVs)
Liquid chromatography with tandem mass spectrometry (LC-MS/MS) was
performed by KbioHealth, New Drug Development Center (Cheongju-si,
Chungcheongbuk-do, Korea) for comprehensive proteomics analysis of
EV39 and EV42. Nano LC and Q-Exactive Plus system (Thermo Scientific;
Waltham, MA, USA) were used for chromatographic separation, and each
sample of EV39 and EV42 was analyzed in duplicate for reliability. The
mobile phase consisted of 0.1% formic acid in water and 0.1% formic acid in
80% acetonitrile. The column used was an EASY-Spray 50 cm x 75 um
PepMap RSLC C18 2 pm (Thermo Scientific; Waltham, MA, USA), and the
separation was carried out at 50°C. Data were analyzed using Proteome
Discoverer software version 2.4 (Thermo Scientific; Waltham, MA, USA)
with the human proteome database (UniProt-proteome_HomoSa-
piens_73099_FASTA). The analysis was performed with the following
parameters: MS accuracy of 10 ppm, MS/MS accuracy of 0.8 Da for HCD,
and trypsin digestion allowing up to two missed cleavages. Fixed mod-
ification included carbamidomethylation of cysteine (4 57.0215 Da), and
variable modifications included oxidation of methionine ( + 15.9949 Da).
To ensure high confidence in the identifications, the false discovery rate
(FDR) was set to less than 1% at both the peptide and protein levels. FDR
estimation was performed using a target-decoy search strategy, where false
positives were calculated by comparing target and decoy matches. Addi-
tionally, g-values were used to evaluate the reliability of individual peptide-
spectrum matches (PSMs) and protein identifications. A q-value threshold
of <0.05 was applied to ensure that the probability of false identifications
among significant results was less than 5%. For relative quantification,
proteins with a fold change less than -2 or greater than +2, along with an
adjusted p value corresponding to an FDR of <0.05, were considered dif-
ferentially expressed.

Crypt isolation from human and mouse intestinal samples and
organoid culture

Crypt isolation and organoid culture from human intestinal samples were
carried out as previously described'”. The ileal tissue from a preterm neo-
nate born at gestational age (GA) of 27 weeks was further minced into small
fragments approximately Imm3 in size. The fragmented epithelium was
washed at least five times with ice-cold PBS and gently rocked in 2.5 mM
EDTA in PBS for 1 hat4 °C on a shaker. The crypt palette was suspended in
Matrigel (Corning) on ice. Crypt-laden Matrigel was dispensed onto 48-well
culture plates, and following solidification of Matrigel droplets, the crypts
were overlaid with the following medium: Advanced Dulbecco’s Modified
Eagle’s Medium/F12 (Thermon Fisher Scientific) supplemented with
penicillin/streptomycin, 10 mM HEPES, 2 mM GlutaMAX, 1 x B-27 Sup-
plement (Thermo Fisher Scientific), 10 nM gastrin I (Sigma-Aldrich), 1 mM
N-acetylcysteine (Sigma-Aldrich), and the niche factors of 100 ng/mL
recombinant mouse Noggin (PeproTech), 50 ng/mL recombinant mouse
EGF (Invitrogen), 10% R-spondinl conditioned medium, 500 nM A83-01
(Tocris), 100 ng/mL human Wnt-3a (R&D system). The medium was
replaced every 2-3 days, with passage at a 1:3 ratio every 7 days. To prevent
anoikis, 10 pM Y-27632 (Sigma-Aldrich) was added for the first 2 days after
passaging.
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Mesenchymal stem cell (MSC)-derived extracellular vesicles (EV39
and EV42) were applied to preterm intestinal organoids at a concentration
of 2 x 10° EVs/mL, with or without CFTR inhibitor 172 (10 uM), for 7 days.
Additionally, preterm intestinal organoids were treated with the CFTR
activator forskolin (10 uM) or with CFTR modulators VX-770 (3 uM,
potentiator) and VX-445 (3 pM, corrector) for 7 days. To activate TGFp1
and FGF2 signaling, organoids were treated with 0.1 ng/mL TGFf1 (R&D
system) or 10 ng/mL FGF2 (PeproTech) for 7 days, in the absence of A83-
01. The experiment was conducted using organoids derived from various
passages (passages 4 to 10).

To generate mouse postnatal intestinal organoids, mouse pups at
postnatal day 2 were pooled, resulting in approximately 3 mice per
experiment. For adult mice intestinal organoids, the middle part of the small
intestine of an 8-weeks old mouse was used. For fetal and adult mice
intestinal organoids, small intestine sections of approximately 20 cm were
harvested, opened longitudinally, rinsed with cold PBS and incubated in
2.5 mM EDTA at 4 °C for 30 min with gentle shaking. Crypts were released
after vigorous shaking in cold PBS and passed through a 70 pM cell strainer
(BD Biosciences) for further enrichment. Approximately 100 crypts were
embedded in 20 uL Matrigel (Corning) and plated in 48-well plates. Both
postnatal and adult organoids were maintained in ENR (EGF, Noggin and
R-spondin) medium throughout the experiments as previously described in
a 48-well plate™.

Bulk RNA-seq

RNA was extracted from preterm intestinal organoid using the RNeasy
Micro Kit (Qiagen). cDNA synthesis was performed using the TruSeq
Stranded Total RNA Library Prep Gold kit, following the instructions in the
TruSeq Stranded Total RNA Reference Guide (1000000040499 v00).
Libraries were sequenced on the NovaSeq 6000 platform with paired-end
101 bp reads, generating 70 million reads per sample.

Real-time quantitative PCR

Total RNA was extracted from preterm intestinal organoids using the
RNeasy Micro Kit (Qiagen) and cDNA was synthesized using a High-
Capacity cDNA Reverse Transcription kit according to the manufacturer’s
protocol (Thermo Fisher Scientific). Real-time PCR was performed using
the QGreenBlue Master Mix (Low ROX) (Cellsafe, QBLR) with the primers
listed in Supplementary Table 4. Samples were normalized to HPRTI
and RPLPO.

Proliferation assay

To assess cell proliferation, the Click-iT® EJU Imaging Kit (Invitrogen,
Thermo Fisher Scientific) was used. Human and mice intestinal organoids
cultivated in expansion and refined media were incubated with 5-ethynyl-
2’ deoxyuridine (EdU) at a final concentration of 10 pM for 30 min at 37 °C
and then fixed with 4% PFA for 2h at room temperature. The staining
procedure was carried out according to manufacturer’s instructions. DNA
was counterstained using 4’,6-Diamidine-2-phenylindole dihydrochloride
(DAP]J, Sigma-Aldrich).

Intestinal epithelial monolayer culture from human intestinal
organoids

For generation single-cell suspensions from preterm intestinal orga-
noids, organoids on day seven post-seeding were collected in a 15 mL
tube and repeatedly triturated to disrupt the Matrigel. The sample was
centrifuged at 3000 rpm for 6 min, and the media and most of the pel-
leted Matrigel were aspirated. Single-cell suspensions were generated by
resuspending the organoid pellets in 500 uL of accutase (Promega) per
1.5 mL low-binding tube and incubated at 37°C for 10 min. Then,
500 uL of 10% FBS in PBS was added to each tube, and cells were cen-
trifuged at 3000 rpm for 5 min. Cells were counted and resuspended in
proliferation media at a concentration of 100,000 cells per well for 24-
well transwells (Corning), and 150,000 cells per 48-well plates. Cells were
added to the apical chamber of 1% Matrigel-coated transwells in 100 uL

of proliferation media for the 24-well transwells or to the 5% Matrigel-
coated well in 250 uL proliferation media for 48-well plates.

Fatty acid uptake assay

The fatty acid uptake was evaluated using intracellular BODIPY-labeled
fatty acid, as previously described'*”. Briefly, fully differentiated monolayers
(day eight post-seeding) were starved in FBS-free medium for 1h before
measurement. BODIPY-FA (BODIPY FL C16, GLP-bio), preincubated
with fatty acid/bovine serum albumin (BSA), was then added to the cells and
incubated for 6 h at 37 °C in the dark. Media from the apical compartment
was removed, and the cells were carefully washed four times with PBS, and
the lysed with 5% IGEPAL (Sigma-Aldrich) in water. Afterward, the cell
lysates were centrifuged for 1 min at 8000 rpm and BODIPY fluorescence
was measured in supernatants. Intracellular fluorescence was measured
using a Bio Tek Synergy HTX plate reader following excitation at 485 nm
and emission at 528 nm. Fatty acid uptake differences were compared based
on relative fluorescence.

In vitro intestinal permeability assay

Permeability assay with fluorescein isothiocyanate (FITC)-Dextran 4 kDa
(Sigma) in the 2D intestinal models were performed on day eight. The
culture medium was removed from both sides of the Transwell® inserts and
washed twice with pre-warmed Hank’s Balanced Salt Solution (HBSS). After
washing, 750 uL of HBSS was added to the basolateral side and 200 pL of
HBSS to the apical side of the inserts. The HBSS on the apical side was
replaced with 100 pL of 4 kDa FITC-dextran (FD4, 1 mg/mL). The transwell
plates were incubate at 37 °C for 30 min, and then the concentration of FD4
in the basolateral chamber was measured at an excitation wavelength of
480 nm and an emission wavelength of 520 nm, according to the standard
curve. The standard curve was established using FD4 concentration of 0, 50,
100, 150, 200, 250, and 300 ng/mL.

Cross-sectional staining

A fully differentiated intestinal monolayer was used for immuno-
fluorescence imaging of functional enterocyte markers (FABP1 and ZO-1,
1:100). The culture medium was removed from both the apical and baso-
lateral chambers, and the transwell membrane was washed with PBS to
remove excess media. Then, the transwell membrane was fixed by adding
4% paraformaldehyde PFA to both chambers for 30 min at 25 °C, followed
by washing and cryopreservation the membrane with a series of sucrose
solution (10% to 30%). To isolate the membrane, a blade scalpel was used to
carefully cut the transwell membrane from the well around the edge to
detach it from the plastic. Subsequently, the membrane was embedded in
optimal cutting temperature (O.C.T.) compound (Sakura Finetek, Tokyo,
Japan) in an appropriately sized embedding mold and freeze it on dry ice.
For vertical sections, the frozen blocks were cut into 10 pm thick sections
using a cryostat microtome at -30 °C. For immunofluorescence analysis,
permeabilize the cells with PBS containing 0.1% Triton X-100 and blocked
with a 4% BSA solution.

Immunofluorescence microscopy

For the detection of markers of functional enterocytes (CFTR and FABP1,
1:100) or tight junction proteins (ZO-1, 1:100), fully differentiated organoid
or organoid-derived monolayer cultures grown in 8-well chambers or 24-
well transwells were fixed using 4% paraformaldehyde (PFA), permeabilized
with 0.1% Triton X-100, and blocked with 3% BSA. Organoid or mono-
layers were then incubated overnight at 4 °Cwith primary antibodies for
CFTR (Merk, MAB3480), ZO-1 (Invitrogen, 40-2200) and FABP (Abcam,
ab7366), followed by secondary antibody staining at room temperature for
2h. The samples were incubated with Hoechst 33432 (Sigma-aldrich) for
15 min, followed by washing with 1x PBS to stain cell nuclei. Finally, the
samples were mounted onto slides using mounting media (ProLong Gold,
Invitrogen) and microscopy was performed with a Nikon Ti2-E & CSU-W1
confocal microscope using a 20x objective lens. Image J was used to count
CFTR-positive cells and measure fluorescence intensity.
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Statistics and reproducibility

The Wilcoxon rank-sum test was employed for non-parametric statis-
tical analysis. The Wald test was applied to evaluate the significance of
log2 fold changes for each gene, and P value correction was performed
using the Benjamini-Hochberg (BH) method in small intestinal datasets.
Quantitative experimental data are expressed as the mean * standard
error of the mean (S.E.M). Statistical significance was assessed using
analysis of variance (ANOVA) with Dunnett’s post hoc test for com-
parisons involving more than three groups, and an unpaired two-tailed
Student’s t test for comparisons between two groups. Results were
considered statistically significant at P <0.05. Reproducibility was
established by performing all experiments with a minimum of three
independent biological replicates, each representing an independent
sample derived from an experimental batch. Specific details regarding
sample sizes and the number of replicates for each experiment are
outlined in the respective figure legends.

Contact for reagent and resource sharing

Further information and requests for resources and reagents should be
directed to and fulfilled by Se In Sung (sein.sung@samsung.com), Yun Sil
Chang (cys.chang@samsung.com), and Ara Koh (ara.koh@postech.ackr).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Raw sequencing data for fetal and adult epithelial analyses are available at
Array Express (https://www.ebi.ac.uk/arrayexpress) under accession num-
bers E-MTAB-10187, E-MTAB-8901, E-MTAB-9363, E-MTAB-9489, E-
MTAB-9536, and E-MTAB-9543, as well as at GEO under accession
numbers GSE158702, GSE158703, GSE158704, GSE158705, GSE158706,
GSE158707, GSE158708, GSE158709, GSE158710, GSE158711,
GSE158712, GSE158713, GSE158714, and GSE185224. Raw and processed
sequencing data for MSC-derived extracellular vesicles (EVs) treated with
preterm intestinal organoids are available at GEO under accession number
GSE276831. Source data for figures are available in the Supplementary Data.
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