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SUMMARY

The human intestinal epithelial barrier is shaped by biological and biomechanical cues, including growth factor gradients and fluid flow.
While these factors are known to affect adult stem cell (ASC)-derived intestinal epithelial cells in vitro, their impact on human induced
pluripotent stem cell (hiPSC)-derived cells is largely unexplored. Here, we compare the cellular composition and gene expression profiles
of hiPSC-derived intestinal epithelial cells exposed to various medium compositions and cultured as organoids, in Transwell and micro-
fluidic intestine-on-chip systems. Modulating key signaling pathways (WNT, NOTCH, bone morphogenetic protein [BMP], and mitogen-
activated protein kinase [MAPK]) influenced the presence of dividing, absorptive, and secretory epithelial lineages. Upon differentiation,
intestinal epithelial cells expressed genes encoding digestive enzymes, nutrient transporters, and drug-metabolizing enzymes. Notably,
these pathways were most enhanced in the intestine-on-chip system, along with an expression profile that suggests a more mature state.
These findings highlight the potential of hiPSC-derived intestinal cells to model important intestinal functions and guide the selection of

optimal culture conditions for specific applications.

INTRODUCTION

The human intestinal epithelial barrier comprises diverse
proliferative, secretory, and absorptive cell types that facil-
itate nutrient digestion and absorption and protect against
harmful environmental agents. These processes vary be-
tween individuals due to genetic differences (Tracy et al.,
2016; Walther et al., 2019), highlighting the importance
of personalized intestinal model systems to study diges-
tion, drug metabolism, and drug sensitivity. Human intes-
tinal epithelial cells can be derived from adult stem cells
(ASCs) in intestinal tissue (Sato et al., 2011) or from human
induced pluripotent stem cells (hiPSCs) (Spence et al.,
2011; Takahashi et al., 2007). In contrast to ASCs, which
are acquired through invasive procedures, hiPSCs can be
generated from accessible sources such as blood, skin, or
urine (Raab et al., 2014). Moreover, the pluripotent char-
acter of hiPSCs allows differentiation of diverse autologous
cell types and tissues for studying cellular interactions.
The diversity and functioning of intestinal epithelial cell
types in vitro are influenced by biological and biomechanical

cues that emulate intestinal processes, such as growth factor
gradients, tissue elasticity, and fluid flow (Kasendra et al.,
2020; Mitrofanova et al., 2024; Wang et al., 2017). The
impact of these culture conditions has been extensively
studied in ASC-derived intestinal epithelial cells. In these
cells, lineage specification is well established via modulation
of WNT, bone morphogenetic protein (BMP), NOTCH, and
mitogen-activated protein kinase (MAPK) signaling path-
ways, reflecting the signaling patterns along the crypt-villus
axis in the human intestine (Beumer and Clevers, 2021).
Conversely, hiPSC-derived intestinal tissues often depend
on spontaneous lineage induction achieved through elon-
gated periods of culturing (Spence et al., 2011) or maturation
in vivo in mice (Finkbeiner et al., 2015; Watson et al., 2014),
limiting control over the cell type composition. Previous
studies using ASC-derived intestinal tissues in microfluidic
intestine-on-chip systems have demonstrated the value of
continuous fluid flow and shear stress for the induction of
villus-like folds and the expression of gene families that
regulate nutrient and drug metabolism and absorption,
i.e.,, cytochrome P450, solute carrier (SLC) transporters,
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Figure 1. Induction of epithelial lineages in hiPSC-derived intestinal organoids and monolayers in a Transwell system

(A) Schematic of the experimental setup. hiPSC, human induced pluripotent stem cell; EM, expansion medium; DM, differentiation me-
dium; DM + D, DM + DAPT; DM + D + P, DM + DAPT + PD0325901.
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and digestive enzymes (Kasendra et al., 2020; Sugimoto
et al., 2021). Moreover, model systems with two compart-
ments, such as Transwell and intestine-on-chip systems,
allow easy access to the apical and basolateral sides of the in-
testinal epithelial barrier. This facilitates the application of
growth factor gradients to increase epithelial diversity and
enables the study of barrier function or translocation of
compounds, which is challenging in organoids due to their
closed lumen and heterogeneity in size and shape.

In this study, we investigate the effect of diverse culture
conditions on the cell type composition, gene expression
profiles, and maturation status of hiPSC-derived intestinal
epithelial cells. We compared three widely used model sys-
tems: intestinal organoids, Transwell systems, and a
commercially available intestine-on-chip system, along
with different medium compositions to enrich for specific
epithelial cell types. Hereby, we provide insight into the
relevant conditions and systems for modeling specific in-
testinal functions using hiPSC-derived intestinal epithelial
cells.

RESULTS

WNT, BMP, NOTCH, and MAPK regulators induce
specific epithelial lineages in hiPSC-derived intestinal
epithelial organoids and monolayers in a Transwell
system

In ASC-derived intestinal tissues, regulators of the WNT,
BMP, NOTCH, and MAPK pathways efficiently enrich for
specific epithelial cell types, providing methods to control
the epithelial composition in vitro (Beumer and Clevers,
2021; Pleguezuelos-Manzano et al., 2020). Here, we investi-
gated the contribution of these pathways to epithelial fate
specification in hiPSC-derived intestinal epithelial organo-
ids and monolayers in a Transwell system.

To generate a relatively pure population of intestinal
epithelial cells, we subjected intestinal organoids from
three hiPSC lines to immunomagnetic epithelial cell
adhesion molecule (EPCAM) selection and multiple subse-
quent passaging steps during a 4- to S5-week expansion
phase, reducing the EPCAM-negative cells that co-devel-
oped during the differentiation to less than 0.7%
(Figure S1A). After seeding these intestinal epithelial cells
in Matrigel domes or on Transwell inserts, we exposed
them to an expansion medium (EM), allowing the forma-
tion of sufficiently sized spheroids (7 days) or a polarized

epithelial barrier (14 days), respectively (Figures 1A and
S1B). The subsequent differentiation phase consisted of a
5-day exposure to various medium compositions that
have been described to control the induction of different
epithelial lineages (Figure 1A) (Beumer and Clevers, 2021;
Pleguezuelos-Manzano et al., 2020). In ASC-based tissues,
EM (including WNT pathway activators and BMP pathway
inhibitors) induces expansion of proliferating cells, while
differentiation medium (DM; excluding WNT activators
and BMP inhibitors) yields a general differentiation-
inducing medium. To induce differentiation toward secre-
tory lineages, we added a NOTCH inhibitor (DAPT) to DM
(DM + D). To enrich for enteroendocrine cells, we added
an MAPK inhibitor (PD0325901) to DM + D (DM + D + P).

Proliferative epithelial cells (MKI67-positive), likely stem
cells and transit-amplifying cells, were abundant in the EM
condition but scarce in the different DM conditions
(Figure 1B). Transcriptional analysis comparing the EM
and DM + D + P conditions also revealed that exposure to
DM + D + P decreased stem cell markers LGR5 and
SMOC2 and cell-cycle-associated genes MKI67, TOP2A,
PCNA, and CENPF (Figure S1C). Immunofluorescence anal-
ysis showed that all three types of DM increased the num-
ber of RPB2-positive enterocytes, whereas very few were
observed in the EM condition (Figure 1B). MUC2-positive
epithelial cells, annotated as goblet cells, were present in
the EM condition (organoid: 8.6% [SD 5.3], Transwell:
9.1% [SD 12.5]) but were induced to higher levels in DM
(organoid: 22.0% [SD 21.4], Transwell: 19.2% [SD 6.6])
and DM + D (organoid: 24.8% [SD 20.1], Transwell:
25.2% [SD 7.0]), which is formulated to induce secretory
progenitors (Figures 1B and 1C). The induction of MUC2-
positive goblet cells was abrogated by additional MAPK in-
hibition in DM + D + P (organoid: 9.5% [SD 8.6], Transwell:
7.2% [SD 7.9]), in accordance with the literature describing
that goblet cells arise from highly proliferating secretory
progenitors (Figures 1B and 1C) (Beumer and Clevers,
2021). In contrast, Chromogranin (CHGA)-positive enter-
oendocrine cells arise from slow-dividing secretory progen-
itors (Beumer and Clevers, 2021) and showed a tendency
toward induction by the inhibition of the MAPK pathway
(DM + D + P), although their numbers remained relatively
low (organoid: 0.3% [SD 0.2%)], Transwell: 0.07% [SD 0.04])
(Figures 1B and 1C). All these epithelial cell types showed
similar trends in organoids and Transwell systems, except
for Lysozyme (LYZ)-positive cells (Figures 1B and 1C). Based
on the absence of defensin gene expression, these cells

(B) Representative bright-field and immunofluorescent confocal images of organoids (upper lane) and monolayers on Transwell inserts
(lower lane) stained for CDX2 (intestinal epithelium), MKI67 (proliferative cell), RBP2 (enterocyte), MUC2 (goblet cell), CHGA (enter-

oendocrine cell), LYZ (Paneth cell), and Z0-1 (tight junctions).

(C) Flow cytometry quantification of cell type proportions, displayed as median with interquartile range of four donors. p value < 0.05 (*),

0.01 (**).
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were assumed to resemble the Paneth-like cell population
previously identified by our group in a hiPSC-intestine-
on-chip (Moerkens et al., 2024). While LYZ-positive Pan-
eth-like cells were present in all conditions except DM +
D + P in Transwell systems, they were only detected in
the EM condition in organoids, suggesting a differential
sensitivity to the microenvironments of the organoids
and Transwell systems (Figures 1B and 1C). The induction
of cell type-specific markers, as determined on protein level
(Figures 1B and 1C), corresponded with differences in gene
expression levels of these and other markers characteristic
of enterocytes, goblet cells, enteroendocrine cells, and Pan-
eth cells measured by RNA sequencing for the EM and
DM + D + P conditions (Figure S1C). Overall, the intra-
donor variation of epithelial cell types was low
(Figure S1D). The network of tight junctions between
epithelial cells, as measured by the expression and localiza-
tion of ZO-1, remained intact in all medium conditions
regardless of the induction of different epithelial cell types
(Figures 1B and S1C). Intestinal organoids were organized
with the apical side projected toward the lumen, as shown
by the localization of ZO-1 (Figure 1B).

Overall, in both organoids and Transwell systems, the
numbers of proliferating epithelial cells were reduced and
the numbers of differentiated cells were increased upon
exposure to different types of DM. The removal of WNT ac-
tivators and BMP inhibitors in DM was sufficient to induce
goblet cells and enterocytes, while the addition of NOTCH
and MAPK inhibitors (DM + D + P) was necessary to induce
low levels of enteroendocrine cells. LYZ-positive Paneth-
like cells were differentially induced in organoids and
Transwell systems.

Growth factor gradients in Transwell systems balance
proliferating and differentiating epithelial cell types
Next, we assessed whether a local inhibition and activation
of the WNT, BMP, NOTCH, and MAPK pathways could sus-
tain both dividing and differentiated epithelial cell types.
We exposed the Transwell system to EM in the lower
compartment and DM + D or DM + D + P in the upper
compartment to mimic the growth factor gradients along
the crypt-villus axis in the human intestine (Figure 2A).
In both gradient conditions, proliferating epithelial cells
were sustained while differentiated epithelial cell types
were induced (Figures 2B and 2C). MKI67-positive prolifer-
ating cells were abundant in the gradient conditions
(Figure 2B), while they were almost entirely absent in non-
gradient DM conditions (Figure 1B). More RBP2-positive en-
terocytes were observed in both gradient conditions relative
to the EM condition (Figure 2B). In concordance with
observations in DM + D and DM + D + P, MUC2-positive
goblet cells were elevated in EM-DM + D (13.1% [SD 7.1]),
and CHGA-positive enteroendocrine cells appeared to be
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inducedin EM-DM + D + P (0.06% [SD 0.03]) when compared
to the EM condition (Figures 2B and 2C). The levels of LYZ-
positive Paneth-like cells in EM-DM + D were similar to those
seen in the EM condition but slightly reduced in EM-DM +
D +P (Figures 2B and 2C). A network of tight junction protein
Z0O-1 was observed in both gradient conditions, suggesting
the preservation of barrier integrity (Figure 2B). We further
confirmed the more balanced expression of dividing and
differentiated epithelial cell types upon exposure to EM-
DM + D + Prelative to EM and DM + D + P on gene expression
level (Figure S1C).

Strikingly, donor 3 displayed lower levels of stem cell and
cell-cycle genes and LYZ-positive Paneth-like cells and
higher levels of markers corresponding to differentiated
epithelial cell types (e.g., MUC2) in all medium conditions
and in the EM condition in particular (Figures 2C and S1C).
We noticed that these observations correlated with a lower
expression of Vimentin (VIM) in donor 3 compared to do-
nors 1 and 2 (Figure S1C). VIM is a marker characteristic of
mesenchymal cells that was expressed at low levels regard-
less of the limited number of EPCAM-negative and VIM-
positive mesenchymal cells (below 0.7% upon seeding)
(Figures S1A and S1C). It is possible that higher numbers
of mesenchymal (VIM-positive) cells in donors 1 and 2
support the undifferentiated and Paneth cell state of
hiPSC-derived intestinal epithelial cells and hereby prevent
spontaneous differentiation.

In conclusion, gradient conditions in Transwell systems
efficiently induced differentiated epithelial cell types,
including enterocytes and goblet cells, while preserving
proliferating epithelial cells.

Transcriptomic analysis confirms enrichment of
enterocyte- and enteroendocrine-specific functions
upon exposure to DM + D + P

To obtain deeper insight into the biological processes
corresponding to the changing epithelial compositions,
we compared the transcriptomic profiles of hiPSC-derived
intestinal epithelial cells in different medium conditions
using RNA sequencing. We used organoids grown in the
EM and DM + D + P conditions for this analysis because
we observed a diverse epithelial composition, including
goblet cells, enteroendocrine cells, and enterocytes, in the
latter condition. We clustered differentially expressed
genes (DEGs) between the conditions into two groups
depending on whether they were upregulated in the EM
or DM + D + P condition and then identified biological pro-
cesses by pathway enrichment analysis (Figures 3A-3C;
Data S1). DEGs upregulated in the EM condition were
involved in processes related to DNA replication, transla-
tion, and cell division (Figures 3B and 3C), consistent
with the high abundance of proliferating epithelial cells
in the EM condition relative to DM + D + P (Figure 1B).
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Figure 2. Balancing proliferating and differentiating epithelial cell types using growth factor gradients in Transwell systems
(A) Schematic of the experimental setup. hiPSC, human induced pluripotent stem cell; EM, expansion medium; DM, differentiation me-

dium; DM + D, DM + DAPT; DM + D + P, DM + DAPT + PD0325901.

(B) Representative bright-field and immunofluorescent confocal images of monolayers on Transwell inserts stained for CDX2 (intestinal
epithelium), MKI67 (proliferative cell), RBP2 (enterocyte), MUC2 (goblet cell), CHGA (enteroendocrine cell), LYZ (Paneth cell), and Z0-1

(tight junctions).

(C) Flow cytometry quantification of cell type proportions, displayed as median with interquartile range of four donors. p value < 0.05 (*).
The data of the EM, DM, DM + D, and DM + D + P conditions in (B) and (C) were repeated from Figure 1 for comparison.

In the DM + D + P condition, we observed the upregulation
of genes associated with nutrient metabolism and trans-
port, xenobiotic metabolism, and hormone responses, re-
flecting the induction of enterocytes and enteroendocrine
cells (Figure 3B). Specifically, we observed the induction of
digestive enzymes (e.g., ANPEP, SI, LCT, PEPD, LIPA, and
ALDOB) and nutrient transporters (e.g., APOB, APOA2Z,
SLC2A2, SLC15A1, SLC5A9, and SLC7A9) involved in pro-
tein, carbohydrate, and lipid metabolism characteristic of
the human small intestine (Burclaff et al., 2022; Wang
et al., 2020) (Figure 3C). Many of these processes were
related to lipid metabolism and synthesis of carboxylic

and organic acids (Figure 3B), common by-products of
small intestinal digestion (Jang et al., 2018). We also
observed increased expression of drug-metabolizing en-
zymes and transporters (e.g., CYP3A4, CYP3A5, CY1Al,
CYP2C9, ABCC2, UGT2A3, and MAOB), comprising multi-
ple genes associated with first-pass metabolism of xenobi-
otic compounds in the intestine (Fritz et al., 2019; Murata
et al., 2023) (Figures 3B and 3C). CYP3A4, one of the
most well-studied drug-metabolizing enzymes and respon-
sible for the conversion of more than half of all drugs
(Guengerich, 1999), showed the highest induction of all
the cytochrome P450 members identified in DM + D + P
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Figure 3. Enrichment of enterocyte- and enteroendocrine-specific gene expression profiles in intestinal organoids exposed to
DM+D+P

(A) Heatmap of average expression of DEGs between medium conditions, clustered by expression profile. Color represents row Z score.
Columns correspond to donors (left = 1, middle = 2, and right = 3).

(B) Network of enriched biological processes, including top 20 with lowest adjusted p value per cluster. Node size reflects the number of
DEGs per biological process, and edge thickness indicates the number of shared DEGs.

(C) Heatmap of average expression of DEGs selected from enriched processes described in (B). Color represents column Z score. Rows
correspond to donors (top = 1, middle = 2, and bottom = 3).

relative to EM (Figure 3C). In addition, we observed an in- Muntjewerff et al., 2021), gastric motility (MLN) (Ohno
duction of (pro-)hormones involved in gut permeability et al., 2010), and pH regulation (SCT) (Afroze et al., 2013)
and immune activation (CHGA) (Fissa et al.,, 2018; in the human intestine (Figure 3C).
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Figure 4. Balancing proliferation- and differentiation-specific gene expression profiles in Transwell systems exposed to EM-DM +
D+P

(A) Heatmap of average expression of the DEGs between medium conditions, clustered by expression profile. Color represents row Z score.
Columns correspond to donors (left = 1, middle = 2, and right = 3).

(B) Network of enriched biological processes, including top 20 with lowest adjusted p value per cluster. Node size reflects the number of
DEGs per hiological process, and edge thickness indicates the number of shared DEGs.

(C) Heatmap of average expression of DEGs selected from enriched processes described in (B). Color represents column Z score. Rows
correspond to donors (top = 1, middle = 2, and bottom = 3).

The same analysis was performed using intestinal epithe-  (Figures 4A—4C; Data S1). The genes and biological pro-

lial cells grown in Transwell systems and exposed to the cesses induced by the different conditions were relatively
EM, DM + D + P, and gradient EM-DM + D + P conditions consistent between organoids and Transwell systems and
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included the induction of DNA replication and cell division
in the EM condition and nutrient and xenobiotic meta-
bolism and transport as well as hormone responses in the
DM + D + P condition (Figures 4B and 4C). The EM-DM +
D + P condition in Transwell systems induced gene expres-
sion profiles intermediate between the profiles induced in
the EM and DM + D + P conditions, in accordance with
the presence of proliferating and mature epithelial cell
types we observed before (Figures 2B, 2C, and 4A). Interest-
ingly, in contrast to organoids, pathways and genes related
to neurogenesis were upregulated (e.g., TUBB2B, NCAM1,
CRABP2, ETVS5, NRP1, and RGMA) in the EM condition in
Transwell systems, which might correspond to previous
observations of neuron development in a hiPSC-derived in-
testine-on-chip exposed to the same medium (Moerkens
et al., 2024) (Figures 4B and 4C). Regardless of the limited
number of EPCAM-negative cells, these mesenchymal
and neural cell types might still be present at low levels
and be specifically amplified in Transwell systems.

Altogether, these genes and processes are signatures of
the enrichment of transit-amplifying cells and intestinal
stem cells in the EM condition and the enrichment of
mature enterocytes and enteroendocrine cells in the
DM + D + P condition in both intestinal organoids and
Transwell systems. In contrast to organoids, Transwell sys-
tems allow for gradient conditions that balance prolifera-
tive and mature epithelial cell types and processes, thereby
providing a more physiological and potentially sustainable
condition.

Enrichment of intestinal functions and enhanced
maturation of hiPSC-derived intestinal epithelial cells
grown in intestine-on-chip relative to organoids and
Transwells

Lastly, we wanted to investigate the biological processes
regulated by the culture environment of conventionally
used intestinal model systems. We recently demonstrated
that exposure to the EM-DM + D + P condition in a micro-

fluidic hiPSC-derived intestine-on-chip system induces
an epithelial composition that resembles the human
small intestine (Moerkens et al., 2024). Here, we compared
the transcriptomic profiles of hiPSC-derived intestinal
epithelial cells grown as organoids (exposed to DM + D +
P), in Transwell systems and in a commercially available in-
testine-on-chip system (both exposed to EM-DM + D + P)
(Figures 5A and S2A). Pairwise analysis between the model
systems and subsequent clustering of DEGs resulted in
three clusters that reflect different expression profiles be-
tween the systems (Figure 5B; Data S1). The DEGs upregu-
lated in intestinal organoids (cluster 1) encompass multiple
genes related to mineral and metal metabolism, primarily
metallothionein genes (e.g., MT1F, MT1X, and MT1H)
(Thirumoorthy et al., 2007) (Figures 5B-5D). The DEGs up-
regulated in Transwell systems (cluster 3) are related to cell
division, suggesting that, even though the Transwell
and intestine-on-chip systems were both exposed to the
EM-DM + D + P condition, the microenvironment of the
intestine-on-chip might accelerate epithelial differentia-
tion (Figures 5B-5D). In addition, processes related to
extracellular matrix organization (including genes TGFBI,
TGFB2, COL2A1, COL4A6, LAMB1, LAMB2, and ACTA2)
and neurogenesis (e.g., TUBB2B, NCAM1, and RGMA) are
enriched in Transwell systems (Elmentaite et al., 2021;
Fawkner-Corbett et al.,, 2021; Holloway et al.,, 2021)
(Figures 5B-5D). Accordingly, we observed more VIM-ex-
pressing epithelial cells in Transwell systems compared to
organoids and intestine-on-chip systems, suggesting a po-
tential epithelial-to-mesenchymal transition, as observed
in a previous study (Moerkens et al., 2024) (Figure S2B).
Genes specifically upregulated in intestine-on-chip sys-
tems (cluster 2) primarily included enterocyte-associated
genes related to small intestinal functions such as nutrient
metabolism (e.g., ANPEP, SI, LCT, MGAM, PEPD, ALPI, LIPA,
and TMPRSS15), nutrient transport (e.g., SLC2A2, SLC2AS,
SLC15A1, SLC26A3, APOA1, APOB, and FABP2), and
xenobiotic metabolism (e.g., CYP344, CYP3AS5, CYP3A7,

Figure 5. Enhanced intestinal functions and maturation in intestine-on-chips relative to organoids and Transwell systems

(A) Schematic of the experimental setup. Representative bright-field and immunofluorescent confocal image of cross-sectional slices of
the intestine-on-chip system exposed to the EM-DM + D + P condition, stained for CDX2 (intestinal epithelium) and RBP2 (enterocyte).
hiPSC, human induced pluripotent stem cell; EM, expansion medium; DM + D + P, differentiation medium + DAPT + PD0325901.

(B) Heatmap of average expression of the DEGs between organoids (DM + D + P), Transwell, and intestine-on-chip systems (both EM-DM +
D + P), clustered by expression profile. Color represents row Z score. Columns correspond to donors (left = 1, middle = 2, and right = 3).
(C) Network of enriched biological processes, including top 20 with lowest adjusted p value per cluster. Node size reflects the number of
DEGs per biological process, and edge thickness indicates the number of shared DEGs. ECM, extracellular matrix.

(D) Heatmap of average expression of DEGs selected from enriched processes described in (C). Color represents column Z score. Rows
correspond to donors (top = 1, middle = 2, and bottom = 3).

(E) Scaled distance between epithelial cells of the human smallintestine (columns; data from Gut Cell Atlas [Elmentaite et al., 2021, 2020]
and Ramirez-Sanchez et al. [Ramirez-Sanchez et al., 2024] as dataset 2) and hiPSC-derived intestinal epithelial cells (rows). Distances were
generated based on intestinal epithelial marker genes derived using the Gut Cell Atlas data. Smaller distance between samples (yellow
values) indicates higher similarity, and larger distance (blue values) indicates lower similarity. Color represents column Z score. Rows
correspond to donors as in (D), and columns correspond to donors present in the reference datasets.
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CYP1A1, CYP2C9, CYP2C18, CYP2De6, CYP2]2, UGTI1AI,
MAOB, ABCC2, and ABCBI1) (Burclaff et al., 2022; Fritz
et al.,, 2019; Murata et al., 2023; Wang et al., 2020)
(Figures 5B-5SD). Strikingly, DEGs in clusters 1 (enhanced
in organoids) and 3 (enhanced in Transwell systems) were
enriched for processes related to embryonic development
of the epithelium and differentiation of non-intestinal tis-
sues (Figures 5B-5D). The expression of homeobox genes
(e.g.,, HOXA9, HOXB2, HOXB4, and HOXA1I) and genes
involved in hedgehog signaling (e.g., SHH, IHH, SMO,
HES1, and SUFU), instrumental for patterning differentia-
tion of tissues in mammalian embryos (Ingham and
McMahon, 2001; Mark et al., 1997), contributed to the
identification of these processes (Figure 5D). This suggests
that the epithelial tissue of organoids and in Transwell sys-
tems display a more fetal phenotype and resemble an
earlier state of intestinal development compared to the tis-
sue in intestine-on-chip systems.

To test whether the intestine-on-chip promotes intesti-
nal epithelial maturation, we compared the transcriptome
data of the organoids, Transwell, and intestine-on-chip sys-
tems to publicly available transcriptome data from human
small intestinal epithelial cells at different developmental
stages from the Gut Cell Atlas (Elmentaite et al., 2020,
2021, 2020; Ramirez-Sanchez et al., 2024). Indeed, organo-
ids displayed the smallest distance and thus the highest
resemblance to the fetal small intestine when compared
to Transwell and intestine-on-chip systems, as determined
by a distance analysis based on genes characteristic of hu-
man small intestinal epithelial cells (Figure SE). Transwell
systems did not show a specific resemblance to any intesti-
nal developmental stage relative to the other two systems,
while the intestine-on-chip systems showed the highest
similarity to pediatric and adult human small intestinal
expression profiles (Figure SE).

According to these data, the intestine-on-chip drives the
gene expression profile of hiPSC-derived intestinal epithe-
lial cells toward processes related to nutrient and xenobi-
otic metabolism and more mature stages of small intestinal
development (pediatric and adult), whereas organoids and
Transwell systems may provide a better representation of
fetal intestinal processes, including embryonic epithelial
patterning, and specific processes such as mineral meta-
bolism (organoids) and non-epithelial processes such as
neurogenesis (Transwell systems).

DISCUSSION

Many studies have investigated the effect of in vitro culture
conditions on ASC-derived intestinal epithelial cells, but
only limited data are available for hiPSC-derived cells
(Beumer and Clevers, 2021; Kasendra et al., 2020;
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Mitrofanova et al., 2024; Pleguezuelos-Manzano et al.,
2020; Wang et al.,, 2017; Workman et al., 2018). In
this study, we investigated the controlled induction of
hiPSC-derived intestinal epithelial cell types and the
biological processes induced by the culture microenviron-
ment of organoids, Transwell, and intestine-on-chip sys-
tems. We found that hiPSC-derived intestinal epithelial
cells can be steered toward specific lineages using modula-
tors of the WNT, BMP, NOTCH, and MAPK pathways,
previously described to control ASC-derived intestinal
epithelial cell type specification (Beumer and Clevers,
2021; Pleguezuelos-Manzano et al., 2020). These principles
can be applied to steer hiPSC-derived intestinal tissues to-
ward a desired epithelial composition, regardless of the
model system used. The levels of MUC2-positive goblet
cells induced by 5-day exposure to the DM and DM + D
conditions (20%-25%) resemble the abundance of goblet
cells in the human large intestine (~20%), while the
DM + D + P condition results in levels between 5% and
10%, closer to that of the small intestine (~5%) (Nahon
etal., 2024; Wang et al., 2020). The levels of CHGA-positive
enteroendocrine cells induced in the DM + D + P condition
(below 1%) are lower than those previously reported by us-
ing MAPK inhibition in human ASC-derived intestinal or-
ganoids (10%-20%) (Beumer et al., 2018; Clevers and
Beumer, 2020) but fall in the range reported for the human
intestine (0%-1%) (Nahon et al., 2024; Wang et al., 2020).
To balance epithelial proliferation and differentiation, and
thus increase epithelial diversity and physiological rele-
vance, basolateral exposure to the EM condition and apical
exposure to a type of DM can be applied in both Transwell
and intestine-on-chip systems (Moerkens et al., 2024). The
fact that this works in the static and dynamic environment
of both systems demonstrates that continuous renewal of
medium in a microfluidic system is not required.

When differentiating hiPSCs to intestinal cells, mesen-
chymal cells co-develop and expand in EM conditions
(Moerkens et al., 2024; Spence et al., 2011). In the current
study, we aimed to investigate hiPSC-derived intestinal
epithelial cells specifically and set out to generate intestinal
tissues with negligible numbers of mesenchymal cells
through selection of EPCAM-positive cells and consecutive
rounds of single-cell passaging. Nevertheless, we still iden-
tified some cells expressing the mesenchymal marker VIM
and observed that VIM expression levels correlated posi-
tively with the expression of cell cycle, stem cell, and Pan-
eth cell genes and negatively with epithelial differentiation
in the different donors in the Transwell system. Moreover,
the intestine-on-chip exposed to EM-DM + D + P in this
study had a lower expression of genes associated with the
cell cycle and Paneth cells and a lower tissue height when
compared to an intestine-on-chip in the same medium
condition that included mesenchymal and neural cells



that we described in a previous study (Moerkens et al.,
2024). These data suggest that hiPSC-derived epithelial
cells may depend on mesenchymal-derived factors to
sustain a proliferative and potentially stem cell- and Pan-
eth-like state. Inclusion of mesenchymal cells or addition
of mesenchymal-derived factors (such as WNT ligands or
R-spondins) to the EM condition may help facilitate the
long-term maintenance of dividing hiPSC-derived intesti-
nal epithelial cells.

As shown here, the unique culture environments of
model systems change the cellular and gene expression
profiles of epithelial cells, likely due to differences such as
the physiological shear stress induced by continuous fluid
flow, stiffness profiles induced by embedding in extracel-
lular matrix, or the configuration into multiple compart-
ments, which enables dual exposure to EM and DM. The
cells in the Transwell system showed an increased expres-
sion of neuron-associated and extracellular matrix genes
and had a higher expression of epithelial cells expressing
VIM. This might indicate that the Transwell microenviron-
ment or the longer culturing times required to establish a
polarized epithelial barrier in this static environment
enhance the presence of mesenchymal and neural cells
and phenotypes resembling epithelial-to-mesenchymal
transition, as we observed earlier in intestine-on-chip
systems (Moerkens et al., 2024). Intestinal organoids
displayed transcriptional profiles indicating an upregula-
tion of mineral absorption and metallothioneins, which
protect against metal toxicity in the human intestine
(Thirumoorthy et al., 2007). Potentially, this results from
an enhanced induction of metallothionein-expressing en-
terocytes, which co-develop along with more classical en-
terocytes in hiPSC-derived intestinal systems (Moerkens
et al., 2024).

Although we could induce expression profiles reflecting
well-established intestinal metabolic processes in organo-
ids and Transwell systems upon exposure to (EM-)DM +
D + P, they were further enhanced in the dynamic environ-
ment of the intestine-on-chip. These included genes
involved in the digestion and transport of carbohydrates,
proteins, lipids, and ions (Burclaff et al.,, 2022; Wang
et al., 2020) and the conversion of therapeutic compounds
in the human intestine, specifically cytochrome P450
enzymes from the CYP3A and CYP2C families (Thelen
and Dressman, 2009). Also genes known to display high
inter-individual genetic variability (e.g., lactase, LCT,
and CYP2D6) were expressed (Ingelman-Sundberg, 2005;
Walther et al.,, 2019), emphasizing the value of hiPSC-
derived intestinal epithelial cells for personalized modeling
of intestinal digestion and drug metabolism under relevant
culture conditions. The elevated expression of nutrient and
drug metabolism upon exposure to continuous fluid flow
was in concordance with findings from studies using hu-

man ASC-derived intestinal epithelial cells: genes associ-
ated with lipid, protein, and xenobiotic metabolism were
upregulated in a human duodenum-derived intestine-on-
chip when compared to organoids (Kasendra et al., 2020)
and in monolayers of duodenal epithelial cells after expo-
sure to rotational flow profiles (Sugimoto et al., 2021).
Moreover, an ASC-derived colon intestine-on-chip showed
upregulation of CYP3A4 when compared to organoids
(Mitrofanova et al., 2024). In addition to enhanced entero-
cyte functions, microfluidic intestine-on-chip systems
show potential to study nutrient and drug metabolism
and absorption given their easy access to the basolateral
and apical side of the epithelial barrier, enlarged epithelial
surface area due to the presence of villus-like folds, physio-
logical barrier integrity (Moerkens et al., 2024), and ability
to sustain dividing and differentiated epithelial cell types.
Moreover, they confer a unique opportunity to study the
bioavailability of compounds after oral intake and first-
pass metabolism when coupled to a liver-on-chip contain-
ing the same genetic background.

The relative fetal state of hiPSC-derived intestinal orga-
noids was previously improved by a 6- to 12-week trans-
plantation in mice (Childs et al., 2023; Finkbeiner et al.,
2015; Watson et al., 2014). Our study shows that matura-
tion and specific intestinal processes can also be induced
by exposure to DM-type conditions. Importantly, we
demonstrate that the more physiological environment
in the intestine-on-chip can improve the overall matura-
tion state of hiPSC-derived intestinal epithelial cells
in vitro. Relative to the other model systems, the gene
expression profiles in the intestine-on-chip showed
more similarity to later developmental stages of the
human small intestine (pediatric and adult), whereas
the profiles of organoids were most similar to fetal
stages. Indeed, genes involved in embryonic develop-
mental processes, particularly homeobox genes and
genes involved in hedgehog signaling, were downregu-
lated in intestine-on-chip systems when compared to
organoids and Transwell systems. The enhanced
maturation in the intestine-on-chip system was also
achieved with a shorter culturing time of 11 days, as
compared to 19 days in Transwell systems and 12 days
as organoids.

In conclusion, exposure to activators and inhibitors of
the WNT, BMP, NOTCH, and MAPK pathways allows
the controlled induction of hiPSC-derived intestinal
epithelial lineages. While hiPSC-derived intestinal epithe-
lial cells grown as organoids or in Transwell systems might
represent fetal or developmental intestinal processes, in-
testine-on-chip systems could be relevant for modeling
more mature intestinal phenotypes and digestive pro-
cesses of the human small intestine in a personalized
manner.
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METHODS

Cell lines and culturing conditions

hiPSC lines were generated from urine-derived renal epithe-
lial cells of four donors (two male and two female) by the
induced pluripotent stem cell (iPSC)/CRISPR facility of the
European Research Institute for the Biology of Aging
(ERIBA) and University medical Center Groningen
(UMCG) using a lentiviral vector described earlier (Warlich
et al., 2011). The hiPSC lines were maintained in mTeSR
Plus (STEMCELL Technologies, #05825) on plates coated
with human embryonic stem cell-qualified Matrigel (Corn-
ing #354277) in a humidified environment at 37°C in 5%
CO, and passaged using ReLeSR (STEMCELL Technologies,
#05872). The experiments with hiPSC lines were approved
by the ethics committee of the University Medical Center
Groningen (document no. METC 2013/440), and written
consent was obtained from the donors.

Generation of intestinal epithelial cells from hiPSCs

The procedures to differentiate intestinal organoids from
hiPSCs, to select epithelial cells from intestinal organoids,
and to cryopreserve intestinal epithelial cells were
described previously (Moerkens et al., 2024). Intestinal
epithelial cells were then thawed, resuspended in basement
membrane Matrigel (Corning #354234), and plated in
domes in a 24-well plate (Thermo Fisher Scientific#142475)
at a concentration of 1,000 cells/pL Matrigel. After 10 min
of incubation at 37°C, Matrigel domes had solidified and
were overlaid with Advanced DMEM/F12 (Thermo Fisher
Scientific #12634010) supplemented with L-glutamine
(2 mM, Thermo Fisher Scientific #25030081), penicillin-
streptomycin (100 units/mL; 100 pg/mL respectively,
Thermo Fisher Scientific # 15140122), Noggin (100 ng/
mL, R&D Systems, #6057-NG/CF), epidermal growth factor
(EGF) (100 ng/mL, R&D Systems, #236-EG), CHIR99021
(2 uM, Tocris, #4423), B27 (1x, Thermo Fisher Scientific
#17504044), SB202190 (10 pM, Tocris #1264/10), A83-01
(500 nM, Tocris #2939/10), hereafter named “expansion
medium” (EM), and Y-27632 (10 pM, Tocris #1254/10).
After 48 h, the medium was replaced with fresh EM to
remove Y-27632, and EM was replaced every other day.
For 4-5 weeks, human intestinal organoids were grown
and passaged weekly as fragments or single cells to further
remove mesenchymal cells that co-develop during differ-
entiation and expand the intestinal epithelial cells. For
fragment passaging, organoids were released from Matrigel
domes by mechanical dislodgement of domes and repeated
pipetting in cold Advanced DMEM/F12. After centrifuga-
tion (400 x g, S min, 4°C), the Matrigel was removed and
organoids were fragmented by repeated pipetting. Frag-
ments were resuspended in fresh Matrigel and handled as
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previously described. For single-cell passaging, the same
procedure was followed, but fragments were dissociated
to a single-cell suspension using TrypLE Select (Thermo
Fisher Scientific #12563029) and then passed through a
70-pm filter before seeding in Matrigel domes.

Maintaining intestinal epithelial cells as organoids in
Transwells and in intestine-on-chips

To seed organoids, intestinal epithelial cells were resus-
pended as single cells in basement membrane Matrigel at
a concentration of 500 cells/pL and plated in domes over-
laid with EM containing Y-27632 as described before. For
immunofluorescent microscopy, domes were plated in
Nunc Lab-Tek chamber slide systems (Thermo Fisher Scien-
tific #178599PK) and spread over the surface of the well
before solidification. To seed Transwell systems (Corning
#3401), inserts were coated with basement membrane Ma-
trigel (83 pg/mL) diluted in Advanced DMEM/F12 and
incubated (1 h, RT). After aspirating the coating, EM with
Y-27632 was added to the bottom reservoir, and intestinal
epithelial cells in EM with Y-27632 were seeded onto inserts
(2 x 10° cells/insert). Intestine-on-chips (Polydimethylsi-
loxaan [PDMS]-based Chip-S1, Emulate Inc Boston, MA)
containing two parallel microfluidic channels (top chan-
nel: 1,000 x 1,000 pm, bottom channel: 1,000 x 200 pm,
channel length: 28 mm) were seeded as described previ-
ously (Moerkens et al., 2024). In short, the two microfluidic
channels were activated, coated with basement membrane
Matrigel (83 pg/mL) diluted in Advanced DMEM/F12, and
3 x 10° intestinal epithelial cells suspended in EM contain-
ing Y-27632 were seeded in the top channel. The chips were
incubated for 3 h until cells were attached to the mem-
brane, washed gently, and connected to the Emulate instru-
ment. The flow rate of the media within both channels was
30 pL/hour, which imposes a wall shear stress on the cells of
0.05 mPa in the top channel and 1.0 mPa in the bottom
channel. Culture medium added to the chips was always
first equilibrated. Cells were grown in EM for 6 (intestine-
on-chip), 7 (organoids), or 14 days (Transwell), determined
by stabilized barrier integrity (intestine-on-chip [Moerkens
et al., 2024] and Transwell) or sufficient spheroid size
(Clevers and Beumer, 2020), and thereafter exposed to
different medium conditions for 5 days: EM, DM, DM +
D, or DM + D + P. DM was composed of Advanced
DMEM/F12 supplemented with L-glutamine (2 mM), peni-
cillin-streptomycin (100 units/mL and 100 pg/mL, respec-
tively), EGF (100 ng/mL), and B27 (1x). DM + D was
composed of DM including DAPT (10 pM, Tocris #2634).
DM + D + P was composed of DM + D including
PD0325901 (0.1 pM, Tocris #4192). The concentration of
dissolvent was equal in all medium conditions. All systems
were maintained in a humidified environment at 37°C in
5% CO,, and respective media were refreshed every



2 days for organoids and Transwell systems and continu-
ously for the intestine-on-chip systems.

Immunofluorescent microscopy and flow cytometry
Cells were fixed and stained for immunofluorescent
and flow cytometry analysis as detailed in supplemental
methods.

Differential gene expression and pathway enrichment
analysis

RNA was harvested from organoids, Transwells, and in-
testine-on-chips and sequenced, and gene expression
was quantified as described in supplemental methods.
The DEGs between different conditions were identified
using the R package DESeq2 (version 1.44.0) including
donor as covariate in the differential expression (DE)
model. Genes with 10 or more reads in at least 3 samples
were filtered. Multiple pairwise comparisons were per-
formed to analyze differences between medium condi-
tions or model systems in the relevant subsets of the
data, as described in Data S1. DEGs were filtered on hav-
ing an absolute log2FoldChange > 1 and an adjusted p
value < 0.01 and presented in heatmaps as normalized
or scaled counts. Normalized and scaled expression levels
of DEGs were k-means clustered using the hclust() and
dist() functions from R. Biological processes enriched in
the resulting clusters were identified using the R package
clusterProfiler (version 4.12.0) using the Gene Ontology:
Biological Processes database. p values were adjusted us-
ing the Benjamini-Hochberg procedure. Data were visu-
alized using clusterProfiler’s emapplot function, showing
the top 20 biological processes per cluster based on
adjusted p value. Distance matrix analysis was performed
as detailed in supplemental methods.

Quantification and statistical analysis

The data were presented as median with interquartile
range or mean with standard deviation, as indicated in
figure captions. Significant differences between the media
conditions were determined using a one-way analysis of
variance test with the Tukey multiple comparisons
test. Differences between groups were considered
statistically significant when p value < 0.05. Rstudio
with the R package rstatix was used for statistical analysis
(Kassambara, 2023).
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