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Background: Intestinal fibrosis is a serious complication of Crohn’s disease. Numerous cell types including intestinal epithelial and mesen-
chymal cells are implicated in this process, yet studies are hampered by the lack of personalized in vitro models. Human intestinal organoids 
(HIOs) derived from induced pluripotent stem cells (iPSCs) contain these cell types, and our goal was to determine the feasibility of utilizing 
these to develop a personalized intestinal fibrosis model.
Methods: iPSCs from 2 control individuals and 2 very early onset inflammatory bowel disease patients with stricturing complications were 
obtained and directed to form HIOs. Purified populations of epithelial and mesenchymal cells were derived from HIOs, and both types were 
treated with the profibrogenic cytokine transforming growth factor β (TGFβ). Quantitative polymerase chain reaction and RNA sequencing ana-
lysis were used to assay their responses.
Results: In iPSC-derived mesenchymal cells, there was a significant increase in the expression of profibrotic genes (Col1a1, Col5a1, and TIMP1) 
in response to TGFβ. RNA sequencing analysis identified further profibrotic genes and demonstrated differential responses to this cytokine in 
each of the 4 lines. Increases in profibrotic gene expression (Col1a1, FN, TIMP1) along with genes associated with epithelial-mesenchymal tran-
sition (vimentin and N-cadherin) were observed in TGFβ -treated epithelial cells.
Conclusions: We demonstrate the feasibility of utilizing iPSC-HIO technology to model intestinal fibrotic responses in vitro. This now permits 
the generation of near unlimited quantities of patient-specific cells that could be used to reveal cell- and environmental-specific mechanisms 
underpinning intestinal fibrosis.

Lay Summary 
Intestinal fibrosis is a serious complication of Crohn’s disease and novel in vitro models are urgently needed to study this. We describe an in-
duced pluripotent stem cell–derived modeling system whereby a near unlimited number of both epithelial and mesenchymal cells could be used 
in a personalized intestinal fibrosis model.
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Introduction
Intestinal fibrosis is a serious complication of Crohn’s 
disease (CD) with 20%-30% of patients requiring surgery 
within 20 years of diagnosis,1,2 and this incidence remains 
stubbornly high despite significant improvements in con-
trolling inflammation.3-5 Currently, there are no therapies to 
prevent the onset of intestinal fibrosis, and this was under-
scored in the RISK study whereby early anti-tumor necrosis 
factor α intervention failed to prevent the onset of this com-
plication.6 New human cellular models that would permit 
either mechanistic studies or the development of antifibrotic 

therapies are urgently needed but are hampered by the rela-
tive difficulty in procuring cells from this patient popula-
tion. Such procurement requires invasive procedures such 
as endoscopy or surgical resection and is limited to those 
who require them. In addition, given the profound genetic 
heterogeneity in CD patients,7 coupled with the profound 
heterogeneity in the intestinal fibrotic phenotype,8 the pro-
curement process may be even more challenging if potential 
studies require cells from specific CD patients based on geno-
type or phenotype. Therefore, it is highly desired to develop 
a personalized intestinal fibrosis model, which incorporates 

FIGURE 1. Characterization of induced pluripotent stem cell (iPSC)–derived human intestinal organoids (HIOs) and purified mesenchymal cell population. 
A, Representative images showing iPSC-derived HIOs immunopositive for E-cadherin (E-cad) (red) and vimentin (Vim) (green), and all counterstained 
with DAPI (blue). Scale bar = 50 μm. B, Representative dot plot showing populations of EpCAM+ and vimentin+ cells in HIOs derived from each iPSC 
line. C, Graph showing cellular populations in HIOs from 4-6 directed differentiations of each individual’s iPSC line. D, Representative dot plot of purified 
populations of iPSC-derived mesenchymal cells. VEOIBD, very early onset inflammatory bowel disease.
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biologically relevant cell types, that could be generated from 
a cellular source by relatively noninvasive means.

Human intestinal organoids (HIOs) derived from induced 
pluripotent stem cells (iPSCs) represents one avenue that is 
particularly amenable to the development of such a model. 
First, iPSCs can be generated from almost any individual 
and a range of donor cell types, including peripheral blood 
mononuclear cells, which are easily obtained from a simple 
blood draw, can be reprogrammed to generate this cell type.9 
Second, iPSCs retain the genetics of the reprogrammed donor 
cells, meaning that personalized responses in iPSC-derived 
cell types can be assayed. Third, while biopsy-derived intes-
tinal organoids possess only an epithelial cell population,10,11 
iPSC-derived HIOs also contain a mesenchymal cell popula-
tion12-14 meaning that both epithelial and mesenchymal cells, 
both of which are implicated in intestinal fibrosis,15-18 can be 
studied using this system. Finally, the feasibility of using the 
organoid approach has previously been demonstrated when it 
was shown that the effects of various antifibrotic therapeutics 
could be assayed using HIOs derived from embryonic stem 
cells.19,20 However, to date, no studies have demonstrated that 
iPSC-derived HIOs, generated from actual patients, could be 
used to assay fibrotic responses.

In this study, we aimed to demonstrate the feasibility of 
utilizing iPSC-derived HIOs to generate a personalized model 
of intestinal fibrosis. To this end, we obtained iPSCs from 
2 unaffected control subjects and from 2 very early onset 

inflammatory bowel disease (VEOIBD) patients who had 
stricturing complications and directed all 4 iPSC lines to form 
HIOs. Given that the ratio of epithelial and mesenchymal cells 
is variable in HIO culture, we obtained purified populations 
of both cell types and assayed their response to transforming 
growth factor β (TGFβ), a cytokine well known to be impli-
cated in intestinal fibrosis.21 Here, we demonstrate that iPSC-
derived mesenchymal cells, in response to TGFβ, consistently 
upregulate the expression of a number of fibrosis-related 
genes, while line-specific sensitivity to TGFβ stimulation could 
also be detected for a number of these genes. Additionally, the 
effects of the TGFβ on iPSC-derived intestinal cells both in 
terms of measuring epithelial-mesenchymal transition (EMT) 
changes and the fibrotic response could also be assayed.

Methods
Ethics Statement
All the cell lines and protocols in the present study were carried 
out in accordance with the guidelines approved by the stem 
cell research oversight committee and institutional review 
board at the Cedars-Sinai Medical Center under the auspice 
of the institutional review board stem cell research oversight 
committee protocols Pro00055055 (a personalized intes-
tinal fibrosis model combining patient specific iPSC-derived 
human intestinal organoids and small microengineered chip 

FIGURE 2. Characterization of fibrotic response in transforming growth factor β (TGFβ)–treated induced pluripotent stem cell–derived mesenchymal 
cells over time. Fold-change increases in (A) N-cadherin, (B) Col1a1, (C) Col5a1, and (D) TIMP1 were assessed after 8, 24, and 48 hours of TGFβ (1 ng/
mL) treatment. Data were obtained from 16 independent experiments whereupon mesenchymal cells were obtained from 4 passages of induced 
pluripotent stem cell–derived organoids, and each passage was examined 4 times. Data obtained from a 2-way analysis of variance with a post hoc 
Dunnett’s test was carried out to determine for statistical significance in the 8-, 24-, and 48-hour time points as compared with each respective control 
(time 0) time point. ∗P < .05.
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technology). All authors had access to the study data and 
have reviewed and approved the final manuscript.

Cell Lines and Culturing Conditions
Two iPSC lines (CS03iCTR-n1 and CS688iCTR-n5) were 
obtained from the iPSC Core at Cedars-Sinai Medical Center 
and were both derived from healthy control subjects. The 
CS269iCD-n3 iPSC line was derived from a VEOIBD patient 
who was diagnosed at the age of 2 years and has a history of 
severe fibrostenosing CD that has resulted in multiple small 
bowel resections for stricturing CD. The CS781iCD-n3 iPSC 
line was generated from a VEOIBD patient who was diag-
nosed at the age of 4 years, and who has recurrent endoscopic 
dilatation owing to observed stricturing. All lines were fully 
characterized for pluripotency markers and were confirmed 
to be karyotypically normal. They were maintained in an 
undifferentiated state on Matrigel-coated plates in mTeSR1 
media (Stem Cell Technologies, Vancouver, BC, Canada) 
under feeder-free conditions.

Generation of HIOs From iPSCs
The generation of HIOs from iPSCs involves a multistep 
technique whereby iPSCs were directed to form definitive 
endoderm, hindgut structures and ultimately organoids and 
has been previously described.13,14 All HIOs were cultured in 
media containing CHIR99021 (2 µM; Tocris, Ellisville, MO, 
USA), noggin and EGF (both 100 ng/mL; all R&D Systems, 
Minneapolis, MN, USA), and B27 (1×; Invitrogen, Waltham, 
MA, USA) in Advanced Dulbecco’s modified Eagle medium 
F/12 with penicillin/streptomycin and L-glutamine (5% v/v). 
Organoids were passaged after 7-10 days and ultimately 
either processed for immunocytochemistry or flow cytometry 
or magnetic-activated cell sorting (MACS) after 12-18 days.

Immunohistochemistry and Microscopy
HIOs were fixed in 4% paraformaldehyde (Electron 
Microscopy Sciences, Hatfield, PA, USA), transferred to 30% 
sucrose overnight at 4 °C, embedded in Tissue-Tek O.C.T 
Compound (VWR, Radnor, PA, USA), and cut into 10-μm 
sections. Sections were blocked in 10% normal donkey serum 
(Jackson ImmunoResearch, West Grove, PA, USA) with 0.5% 
Triton X-100 and incubated with the following primary anti-
bodies: goat anti-mouse/human E-cadherin (AF648; R&D 
Systems) and mouse anti-vimentin (#550513; BD Biosciences, 
San Jose, CA, USA) for either 4 hours at room temperature or 
overnight at 4 °C. Sections were then rinsed and incubated in 
species-specific AF488 or AF647-conjugated secondary anti-
bodies (Life Technologies, Carlsbad, CA, USA) followed by 
DAPI (0.5 μg/mL; Life Technologies, Carlsbad, CA, USA) to 
counterstain nuclei and were imaged using a Leica DM6000 
B microscope (Leica, Wetzlar, Germany).

Flow Cytometry
HIOs were removed from Matrigel and washed 3-4 times 
in phosphate-buffered saline and subsequently incubated in 
TrypLE Express (Life Technologies, Camarillo, CA, USA) 
for 2-3 minutes until the organoids were completely disas-
sociated to a single cell suspension. Single cells were then 
fixed and permeabilized using Flow Cytometry Fixation & 
Permeabilization Buffer Kit I (R&D Systems). Cells were 
then stained with the following fluorophore-conjugated anti-
bodies: mouse anti-human EpCAM (# 324212; BioLegend, 

San Diego, CA, USA) and mouse anti-human vimentin 
(#562338; BD Pharmingen, San Diego, CA, USA). Cells were 
analyzed on a BD Fortessa Cell Analyzer (BD Biosciences) 
and flow cytometry analysis was carried out using FlowJo 
software (FlowJo, Ashland, OR, USA).

Generation of Purified Epithelial and Mesenchymal 
Cell Cultures
HIOs were dissociated to a single cell suspension as described 
previously. Dissociated cells were incubated with CD326/
EpCAM MicroBeads (Miltenyl Biotec, San Diego, CA, USA) 
for 30 minutes at 4 °C, and EpCAM+ and EpCAM– popu-
lations of cells were obtained via MACS. EpCAM+ cells 
were cultured as epithelial-only HIOs (eHIOs) as previ-
ously described.13 Briefly, EpCAM+ cells were maintained 
in organoid media supplemented with SB202190 (10 µM; 
Tocris) and A83-01 (500 nM; Tocris). EPCAM– cells were 
cultured in advanced Dulbecco’s modified Eagle medium 
media containing 10% fetal calf serum and were passaged 
weekly.

In Vitro TGFβ Fibrosis Model
eHIOs were cultured in HIO media (depleted of SB202190 
and A83-01) for 24 hours and were treated with either 
0.5 or 1 ng/mL of TGFβ (R&D Systems) for 48 hours. For 
determining TGFβ responses in mesenchymal cells, 1 × 105 
cells were seeded in 24 well plate plates for 72 hours, then 
depleted of serum for 24 hours and subsequently treated with 
1 ng/mL of TGFβ for described time points.

Quantitative Real-Time Polymerase Chain Reaction
Both epithelial and mesenchymal cells were extracted in situ 
with the RNeasy mini kit (Qiagen, Germantown, MD, USA). 
Complementary DNA was generated from 1 μg of RNA 
using the Omniscript RT Kit (Qiagen). Quantitative real-time 
polymerase chain reaction was performed using SYBR Select 
Master Mix (Applied Biosystems, Carlsbad, CA, USA) on a 
BioRad CFX384 Real-Time System (Bio-Rad, Hercules, CA, 
USA). Primer sequences are listed in Supplementary Table 1.

RNA Sequencing Data Analysis
The STAR ultrafast universal RNA sequencing aligner 
v2.7.3a22 was used to generate the genome index and per-
form single-end alignments. Reads were aligned to a genome 
index that includes both the genome sequence (GRCh38 
primary assembly) and the exon-intron structure of known 
gene models (Gencode genome annotation version 33). 
Alignment files were used to generate gene-level count sum-
maries with STAR’s built-in gene counter. Only protein-
coding genes in the Gencode 33 annotation were considered 
(>98% of total counts for all samples). Independent filtering 
was applied as before23: genes with <1 average count per 
sample, count outliers, or low mappability were filtered 
out for downstream analysis. Counts were normalized per-
sample in units of transcripts per million after correcting 
for gene mappable length and per-sample sequencing depth. 
However, count-based normalized and variance-stabilized 
data (see the following) was used for all ordination, differ-
ential, clustering, and variance analyses, and all figures un-
less otherwise noted.

Principal component analysis of TGFβ-treated mesen-
chymal cells (Figure 3A) was performed using as input the 

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izab292#supplementary-data
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residuals from a model that corrected for batch- and line-
specific baseline expression levels.24 Differential expression 
analysis was performed with DESeq2.25 Count data were fitted 
using generalized linear models using batch and iPSC line as 
explanatory factors to correct for batch- and line-specific 
baseline expression levels, and testing for a global additive 
effect of treatment (Figure 3B) or an interaction between 
treatment and iPSC line (Figure 4C). A gene was classified 
as differentially expressed using appropriate thresholds for 
adjusted P value (likelihood ratio test) and log2 fold-change 
if applicable. Line-specific genes (Figure 4B) were identified 
using a model correcting Batch and testing for iPSC line with 
2 levels to test for differences between gene expression in one 

line as compared with all others. Genes were classified as line 
type–specific if the Wald adjusted P value was <.05.

Functional enrichment was performed with Metascape26 
and enrichment statistics presented as hypergeometric ad-
justed P values. The networks of ontology terms (Figure 3C) 
were computed in house and visualized with Cytoscape.27 
Nodes with the same color are specific ontologies in the same 
Gene Ontology generic class and were labeled using a repre-
sentative member or generic name. Node size is proportional 
to statistical significance (hypergeometric P value). Edge 
thickness is proportional to between-node similarity and was 
computed in house in MATLAB (version release 2020ba; The 
MathWorks, Inc, Natick, MA, USA; RRID:SCR_001622) 

FIGURE 3. Transcriptional responses to transforming growth factor β (TGFβ) in induced pluripotent stem cell (iPSC)–derived mesenchymal cells. A, 
Principal component analysis (PCA) of gene expression for TGFβ-treated and untreated mesenchymal cells purified from iPSC-derived human intestinal 
organoids. The first 2 components (principal component 1 [PC1], PC2) are shown along with the percent of gene expression variance explained. 
Clustering was obtained using variance-stabilized data after correction for batch- and line-specific baseline expression, and from all expressed human 
genes without additional filters. Data are representative of 3 independent replicates for each experimental group (24 samples total). B, Volcano plot 
summarizing the global effect of TGFβ treatment on gene expression levels. Fold changes and adjusted P values correspond to a log-likelihood ratio 
test (LRT) on treated vs untreated cells independent of source (iPSC line). Highlighted are selected upregulated (red) and downregulated (blue) 
genes (more than a 2-fold change after TGFβ treatment, LRT-adjusted P < .01). C, Functional enrichment network for all genes differentially regulated 
by TGFβ (more than a 2-fold change after TGFβ treatment, LRT adjusted P < .01). Individual Gene Ontology terms with similar gene members are 
grouped by categories (node color) and labeled using a representative member. Node size is proportional to statistical significance (enrichment P 
value) as shown. Edge thickness is proportional to between-node similarity and reflects the overlap between genes annotated in both ontology terms. 
Only edges representing a kappa similarity score >0.3 are shown. Only significant ontology terms are shown (hypergeometric-adjusted P value < 1 
× 10-3). Members of selected ontologies are presented in Table 1. D, Gene set enrichment analyses of selected enriched pathways in TGFβ-treated 
mesenchymal cells. The x-axis represents the preranked list of genes based on the fold change between treated and untreated cells as in B, with 
genes highly upregulated by TGFβ in our human intestinal organoids positioned to the left. Segment plots (bottom) highlight the position of genes from 
independent reference pathways (eg, epithelial-mesenchymal transition) in ranked list. The vertical axis in line plots (top) represents the cumulative 
enrichment score (ES) from gene set enrichment analysis, and normalized ES is the overall normalized enrichment score (with familywise error rate) for 
each selected pathway. TNFα, tumor necrosis factor α.
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using kappa statistics28 and reflects the overlap between the 
gene sets annotated in both ontology terms. Fold changes 
from the various generalized linear models above (Figure 
3C) were employed to perform gene set enrichment analysis29 
using gene expression signatures from independent studies.. 
The global, line-independent response to TGFβ (Figure 3C) 
was analyzed by ranking genes based on their TGFβ-induced 
fold changes and estimating the enrichment of gene signa-
tures from the Molecular Signatures Database (MSigDB).30,31 
The same was applied to genes ranked by their response to 
TGFβ in each iPSC line independently (Figure 4A). All plots 
were generated in R (R Foundation for Statistical Computing, 
Vienna, Austria) and MATLAB.

Statistical Analysis
All data are represented as mean ± SEM. Statistical analysis 
was carried out using GraphPad Prism 9 software (GraphPad 
Software, San Diego, CA, USA) using a 1-way analysis of vari-
ance with a post hoc Dunnett’s test or a Kruskal-Wallis test. 
Differences between groups were considered statistically sig-
nificant when P < .05.

Results
iPSC-Derived HIOs Contain Varying Numbers of 
Mesenchymal and Epithelial Cells
iPSCs were generated from 2 control individuals 
(CS03iCTR-n1, CS688iCTR-n5) and 2 VEOIBD patients with 
stricturing complications (CS269iCD-n3, CS781iCD-n3), 
and all 4 iPSC lines were directed to generate HIOs. In con-
trast to biopsy-derived intestinal organoids, iPSC-derived 
HIOs have previously been reported to contain both epithe-
lial and mesenchymal cells,13,14 and we similarly report via 
immunocytochemistry that HIOs from all 4 iPSC lines con-
tain both an epithelial (E-cadherin+) and a mesenchymal 
cell (vimentin+) population (Figure 1A). To determine how 
variable these populations were, iPSCs from all 4 individuals 
were serially passaged 4-6 times, and each passage was dir-
ected to form HIOs. These were subsequently assessed after 
12-18 days by dissociating HIOs to a single cell suspension 
and quantifying the epithelial (EpCAM+) and mesenchymal 
(vimentin+) population via flow cytometry (Figure 1B). We 
found that HIOs from 3 of the 4 lines generated organoids 
that were composed primarily of epithelial cells, but there was 
considerable variability in both the epithelial-only (EpCAM+/
vimentin–) and mesenchymal-only (EpCAM–/vimentin+) cell 
populations, even in HIOs derived from the same iPSC line 
(Figure 1C).

Given this variability, we determined to assay fibrotic re-
sponses only in purified populations of both cell types. We 
have previously demonstrated that purified populations 
of epithelial cells could be obtained from HIO cultures by 
dissociating them to a single cell suspension, and positively 
selecting for EpCAM via MACS.13,14 In order to obtain puri-
fied cultures of mesenchymal cells, we adapted this protocol 
and plated the EpCAM– population in Advanced Dulbecco’s 
modified Eagle medium media containing 10% fetal calf 
serum. These cells could be serially passaged up to 10-15 
times, and flow cytometry analysis revealed they were pri-
marily composed (> 98%) of mesenchymal (vimentin+) cells 
with virtually no epithelial (EpCAM+) cells (Figure 1D). The 
derivation of purified populations of epithelial and mesen-
chymal cells from control- and patient-specific HIOs thus 

provides a platform to assay fibrotic responses in both cell 
types under a tightly control milieu.

Fibrotic Responses Can Be Assayed in TGFβ-
Treated iPSC-Derived Mesenchymal Cells
Having established the culturing conditions to generate 
purified iPSC-derived mesenchymal cells, we then wished to 
examine if these could be used to assay responses to TGFβ, a 
cytokine well known to be implicated in intestinal fibrosis.21 
iPSC-derived mesenchymal cells from all 4 lines were cul-
tured with 1 ng/mL of TGFβ and assayed after 8, 24, and 48 
hours. We initially examined N-cadherin, as this has previ-
ously been shown to be upregulated in TGFβ-treated intes-
tinal fibroblasts,32 and we report a significant fold increase 
in expression after 8 hours, which was mostly maintained 
up the 48 hour time point (Figure 2A). We examined for 
changes in Col1a1 expression and found it was significantly 
increased in 3 of the 4 lines after 24 hours and ultimately 
reached a maximal expression at 48 hours (Figure 2B). 
While secretion of collagen could be assayed via a Sircol 
assay, we did not observe any significant change in secretion 
from any of the 4 lines (data not shown). Col5a1 was pre-
viously found increased in the RISK cohort with stricturing 
complications, and we similarly report a significant increase 
in the 781i line (Figure 2C). We also examined for TIMP1, 
shown to be upregulated in myofibroblasts obtained from 
resected fibrotic tissue of CD patients,33,34 and report an in-
crease after in all 3 timepoints in the 781i line (Figure 2D). 
Thus, we demonstrate that biologically relevant fibrotic re-
sponses can be assayed in TGFβ-treated iPSC-derived mes-
enchymal cells.

Transcriptional Responses to TGFβ in iPSC-Derived 
Mesenchymal Cells
Having observed that a robust TGFβ-mediated fibrotic re-
sponse was observed at the 48-hour time point, we per-
formed whole-transcriptome analyses (RNA-Seq) on 
treated and untreated iPSC-derived mesenchymal cells de-
rived the same 4 iPSC-derived HIOs. First, we aimed to 
test the hypothesis that our system can be used to model 
known, generic responses to TGFβ in all cell lines. To this 
end, we regressed out the effect of both technical (eg, batch) 
and line-specific factors on baseline expression levels using 
multivariate linear modeling (see Methods for details). 
Principal component analysis of the corrected expression 
levels revealed a complete segregation between treated and 
untreated samples, suggesting a robust and reproducible 
contribution of TGFβ to gene expression trends common 
to all 4 iPSC lines (Figure 3A). Differential analysis identi-
fied a set of 570 genes significantly and strongly regulated 
by TGFβ (likelihood ratio test [LRT] adjusted P value <.01, 
log2 fold-change >1) even after correcting for technical and 
line-specific expression variability (Figure 3B). Functional 
enrichment analysis on this set of significantly regulated 
genes revealed a highly connected functional network re-
capitulating both mesenchyme- and TGFβ-related terms 
(Figure 3C), including a backbone of pathways consisting 
of TGFβ-signaling, NABA matrisome and several other 
related with extracellular matrix structure and signaling. 
Enrichment and gene membership results for selected 
ontologies are shown in Table 1, which further highlights 
that the common response observed in all our iPSC lines 
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comprises numerous genes previously associated with TGFβ 
signaling and intestinal fibrosis. We further evaluated the 
directionality and extent of the observed functional shifts. 
Using gene set enrichment analysis, we summarized changes 
in expression for entire pathways or ontologies after TGFβ 
treatment (Figure 3D). This supervised analysis revealed a 
significant (familywise error rate < 0.1, normalized enrich-
ment score > 1.9) global upregulation of several functional 
groups including EMT, NABA collagens, TGFβ1 targets, 
and integrin cell surface interactions. Similarly, signature 
genes involved in cell-cycle and downstream of IL6/JAK/
STAT3 signaling and interferon α responses, among others, 
were preferentially downregulated by TGFβ. Finally, we 
selected a number of newly identified genes including 
CCN2,35 TGFbi,36 ADAM12,36 BGN,34 and genes that are 
associated with other types of fibrosis including LTBP2 and 
TPM1, all of which were validated in a replication cohort 
via quantitative polymerase chain reaction in the 781i mes-
enchymal cells (Supplementary Figure 1). This further con-
firms the applicability of our model to determining TGFβ 
responses.

Line-Specific Transcriptional Identity and 
Responses to TGFβ in iPSC-Derived Mesenchymal 
Cells
The previous multivariate analysis identified a common, 
global response to TGFβ in our panel of iPSC-derived mes-
enchymal cell lines. Gene set enrichment analysis performed 
on each iPSC line independently further confirmed that the 
magnitude and extent of this common response was similar 
across all lines (Figure 4A), and was not a consequence of 
data overfitting or a disproportionate response to TGFβ in 
one specific iPSC line. Therefore, we next aimed to evaluate 
if such a uniform behavior was the result of a lack of 
individual-specific signatures in our iPSC-derived HIOs or if 
line-specific gene expression could be observed. For each cell 
line, we again fitted our RNA-Seq data using a model that cor-
rected for potential batch and technical effects and tested for 
line-specific gene expression using the pool of the remaining 
iPSC lines as a reference. For all 4 cell lines, we found at least 
200 genes showing significant individual-specific expression 
levels (LRT-adjusted P value  <.01). Although the focus of 
our study was determining the TGFb response in each line, 
we did observe differences in individual-specific baseline ex-
pression of various genes implicated in IBD such as several 
Rho and GTPase activity genes37 in the 269i VEOIBD line 
(Figure 4B). To determine if our lines were suitable to assay 
individual-specific fibrotic responses, we fitted our RNA-Seq 
data to a model that included an interaction term between 
TGFβ treatment and individual gene expression to iden-
tify a set of 159 genes with a significant individual-specific 
response to TGFβ (LRT-adjusted P-value  <.01). Further 
screening of these genes using an analysis performed on 
each iPSC line independently revealed that although in most 
cases the directionality of that response was similar across 
all iPSC lines (Figure 4C), the effect size was strikingly line 
specific, suggesting an enhanced response to TGFβ in some 
individuals and conserved in our mesenchymal HIOs. In 
summary, mesenchymal cells from iPSC-derived HIOs seem 
to conserve individual-specific baseline gene expression sig-
natures and are potentially able to recapitulate personalized 
pro-fibrotic responses.

Fibrotic Responses and EMT Can Be Assayed in 
TGFβ-Treated iPSC-Derived Epithelial Cells
Previous reports have indicated that EMT may play a role in 
intestinal fibrosis,15,16 and an organoid model utilizing murine 
biopsy-derived intestinal organoids has previously been used 
to model this in vitro.38 Given that our mesenchymal model 
exhibited both generic and specific responses to TGFβ, we 
then wished to demonstrate as proof of principle that the 
epithelial component was also amenable to study. To achieve 
this, we generated epithelial eHIOs from one of our patient 
iPSC lines (CS781iCD-n3 iPSC) using a previously described 
protocol39 and treated these with 2 different concentrations 
of TGFβ (0.5 ng/mL and 1 ng/mL) for 48 hours. We found a 
significant fold increase in a number of fibrosis-related genes 
including Col1a1, Col5a1, TIMP1, and FN after treatment 
with 1 ng/mL of TGFβ (Figure 5A). In addition, we also exam-
ined for changes in EMT-related genes including an epithelial 
marker, key transcription factors, and various mesenchymal 
markers. Interestingly, although changes in E-cadherin and 
Snai1 did not reach statistical significance and Twist2 was 
below the limit of detection, we did observe a significant in-
crease in Twist1, Snai2, vimentin, and N-cadherin (Figure 5B). 
Finally, we examined untreated and treated eHIOs, and while 
there is little vimentin expression in untreated eHIOs, there 
is coexpression of both vimentin and E-cadherin in treated 
eHIOs (Figure 5C). This demonstrates that both the fibrotic 
response and EMT can be assayed in iPSC-derived epithelial 
cells.

Discussion
Intestinal fibrosis is a serious complication of CD, and re-
search efforts are hampered by a lack of personalized in vitro 
cellular models. Here, we obtained iPSCs from 2 healthy 
control subjects and 2 VEOIBD patients with stricturing 
complications and subsequently generated HIOs from them. 
Although it has been widely alluded to, we first illustrated 
the variability of HIO culture by demonstrating the intra- 
and interline differences in the epithelial and mesenchymal 
populations of each organoid differentiation. Given this vari-
ability, we then developed a methodology that would allow 
purified populations of mesenchymal cells to be cultured 
(Figure 1D) so that responses to this specific cell type could 
be determined.

Numerous lines of evidence support that that the iPSC-
derived approach may be useful to study the mechanisms of 
intestinal fibrosis. After carrying out a time course to assay 
the TGFβ response in the iPSC-derived mesenchymal cells, 
our finding of a 2- to 4-fold increase in N-cadherin is similar 
to what was previous reported,32 and the increased Col1a1 
expression in 3 of our 4 TGFβ-treated lines is also similar to 
previous reports using both the embryonic stem cell–derived 
model19 and primary myofibroblasts.40,41 Although we did not 
observe a change in the secretion of collagen, this could none-
theless be detected in the media and suggests that this model 
is amenable to testing for changes in the secretion of various 
extracellular matrix proteins. Our finding that numerous 
genes associated with intestinal fibrosis such as CCN2,35 
TGFbi,36 ADAM12,36 and BGN34 were upregulated demon-
strates the broad number of genes associated with intestinal 
fibrosis that could investigated using this model. Finally, the 
utility of this model was confirmed whereby, as expected, 

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izab292#supplementary-data
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FIGURE 4. Line-specific transcriptional identity and responses to transforming growth factor β (TGFβ) in induced pluripotent stem cell (iPSC)–derived 
mesenchymal cells. A, Gene set enrichment analyses of selected enriched pathways in TGFβ-treated mesenchymal cells. The x-axis represents the 
preranked lists of genes based on the fold change between treated and untreated cells in each iPSC line independently. For each line, genes highly 
upregulated by TGFβ are positioned to the left. Segment plots (bottom) highlight the position of signature genes from independent reference pathways 
(eg, epithelial-mesenchymal transition) in each ranked list. The vertical axis in line plots (top) represents the cumulative enrichment score (ES) from gene 
set enrichment analysis of each signature set in each iPSC line. Normalized ES (NES) is the overall normalized ES (with familywise error rate [FWER]) for 
each selected pathway and iPSC line. B, Gene-wise boxplots of expression z-score distributions for selected genes showing line-specific expression in 
the 269i very early onset inflammatory bowel disease line. Each box represents a gene’s z-score distribution for all samples in 1 experimental group (3 
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the TGFβ signaling pathway was upregulated in response to 
TGFβ treatment and similar to our study examining the effect 
of interferon γ in iPSC-derived HIOs.42

Our hypothesis was that there would be a significant in-
crease in fibrosis-related genes in mesenchymal cells derived 
from both VEOIBD patients as compared with the control 

lines, yet this was not observed. This may be explained by 
the fact that this was a study to establish the feasibility of 
this approach and so we included iPSC-derived cells from 
only 4 individuals, which is most likely underpowered to 
detect a differential response between the 2 groups. To ad-
dress this, we have already initiated a study with increased 

FIGURE 5. Characterization of fibrotic and epithelial-mesenchymal transition in transforming growth factor β (TGFβ)–treated induced pluripotent stem 
cell–derived epithelial cells. Fold change increases in (A) Col1a1, Col5a1, FN, and TIMP1 and (B) E-cadherin, Twist1, Snai1, Snai2, N-cadherin, and 
vimentin. Cells were assessed after 48 hours of 0 ng/mL, 0.5 ng/mL, and 1 ng/mL of TGFβ treatment. Data obtained from 3 independent experiments. 
C, Representative images showing epithelial-only human intestinal organoids after 48 hours of TGFβ (1 ng/mL) treatment and are immunopositive for 
E-cadherin (red) and vimentin (green). Scale bar = 25 µm. The white arrow points to coexpression of E-cadherin and vimentin. A Kruskal-Wallis test was 
carried out to determine for statistical significance at the different concentrations of TGFβ as compared with each respective untreated control subject. 
∗P < .05. 
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numbers of individuals to identify potential differences be-
tween groups. It also may be explained by the fact that in-
testinal stricturing is a highly heterogeneous condition that 
results from a combination of inflammation, intestinal fi-
brosis, or smooth muscle hypertrophy8 and that intestinal 
fibrosis may also be initiated by other cytokines and mi-
crobes.17 To address this, future studies will incorporate 
additional cytokines and microbes associated with this pro-
cess and will also generate iPSCs from patients who have 
strictures that have a primarily fibrotic phenotype. Although 
the overall responses were broadly similar, our approach is 
strongly supported by the fact that there were differences in 
the lines both intrinsically and in their responses to TGFβ. 
This demonstrates that there are intrinsic differences be-
tween cells derived from each iPSC line and suggests the 
personalized responses are retained and can be determined 
using this modeling system.

While the main focus of our study was on our mesen-
chymal approach, we also assessed the feasibility of using 
iPSC-derived epithelial cells in our model. We observed 
that a TGFβ-induced fibrotic and EMT response could be 
examined in our eHIOs, with the significant increase in 
our selected mesenchymal-associated genes (N-cadherin 
and vimentin) being in agreement with previous reports.43 
Surprisingly there were no significant changes in E-cadherin 
expression, although this is in agreement with a previous 
study that assessed the effect of TGFβ on Caco2 cells.44 We 
observed a significant increase in Twist1 and Snai2, which 
are key transcription factors in EMT and have been shown 
to be increased in various models of EMT.43 Similarly, the 
finding of coexpression of both vimentin and E-cadherin 
has also previously been reported.15,16 The agreement be-
tween our observations and previous studies supports the 
use of patient-specific epithelial cells in a highly controlled 
milieu as an invaluable model to examine the role of EMT 
in intestinal fibrosis.

Limitations of the study are as previously mentioned the 
low of individuals within the study. There is also a need to 
determine if the responses to various stimuli in a patient’s 
iPSC-derived cells would correspond to those in their re-
spective primary cells. Despite these limitations, this study 
suggests a new avenue to study intestinal fibrosis. The use 
of iPSC technology would permit the generation of a near 
unlimited number of patient-specific cell types. As this was 
the first time we were generating this type of model, we used 
TGFβ, as it is the cytokine most associated with fibrosis,21 
but it certainly suggests that the role of any cytokine or mi-
crobe could be tested and may also be amenable to testing 
various antifibrotic therapies in a personalized manner. 
Finally, we have previously reported that lymphoblastoid 
cell lines can be reliably reprogrammed to form iPSCs.45 
Given that there are lymphoblastoid cell lines available in 
well-characterized worldwide repositories that are linked to 
patient clinical history and long-term genotype-phenotype 
data, this system would now permit the in vitro modeling of 
intestinal fibrosis from well-defined patients with this com-
plication of CD.

Conclusions
Here, we confirmed the feasibility of a personalized intestinal 
fibrosis model using purified populations of epithelial and 

mesenchymal cells from HIOs derived from iPSCs. We dem-
onstrated that line-specific responses to the profibrotic cyto-
kine TGFβ can be measured and thus offers a new avenue 
of research whereby a near unlimited number of biologically 
relevant cells can be generated for the in vitro modeling of 
intestinal fibrosis.

Supplementary Data
Supplementary data is available at Inflammatory Bowel 
Diseases online.
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