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Abstract
Background: Relatively little has been reported comparing the ability of different induced pluripotent
stem cells (iPSCs) and protocols to derive human intestinal organoids (HIO), although there is potential to
supply HIO for translational research and regenerative medicine. In view of the time and effort required to
differentiate HIO, protocols for differentiation were compared and five iPSC lines, produced by retroviral or
non-viral reprogramming methods, were concurrently differentiated to HIO to evaluate the robustness and
repeatability of using cellular markers by flow cytometry and immunohistochemistry.
Methods: iPSCs were differentiated to definitive endoderm by Activin A treatment (Protocol I)
or Myostatin (GDF8), GSK-3β inhibitor (CHIR99021) and B27 supplement (Protocol II) and then
differentiated to hindgut using FGF4 and WNT3A (Protocol I), or KGF and Retinoic Acid (Protocol II)
resulting in spheroids that were differentiated to HIO in 3-dimensional culture in matrigel containing EGF,
Noggin, and R-Spondin1.
Results: Definitive endoderm markers (CXCR4 and SOX17) were similar using both protocols and in
all cell lines, but in their absence, spheroids to not develop. HIO derived from excised hindgut spheroids
(Protocol II) showed more consistent expression of epithelial markers E-Cadherin, CDX2, villin, and
chromogranin A. Morphological characteristics such as budding are predictive of robust enterocyte
differentiation (villin positive) in HIO.
Conclusions: Substituting different members of the growth factor families (e.g., TGFβ) is equally or more
effective for producing epithelial lineages in HIO. Although there are no early quantitative predictors
of level of success, all reprogrammed somatic cells could be differentiated to produce HIO. Several
morphological characteristics (excisable spheroids and budding in HIO) were associated with HIO success.
This could improve cost-effectiveness and ease of differentiation as HIO become more commonly available
as translational 3D models of the gut.
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Introduction

The advent of induced pluripotent stem cells (iPSCs) has opened
up new avenues for generating human cell and tissue-specific
organoids in vitro, by reprogramming adult somatic cells to an
embryonic stem cell-like state for use in directed differentiation
[1]. Directed differentiation of human intestinal organoids (HIO)
from iPSC has been accomplished by several labs [2-7] including

ourselves [8]. These protocols require a series of growth factors
defined to promote the differentiation of Definitive Endoderm
(DE) that form hindgut spheroids and then human HIO in 3D
culture. There are some differences in the iPSC differentiation
protocols to HIO from these labs. Examples are in initial differentiation to DE by treatment with TGFβ family Activin A
with low increasing serum [9], where Activin A treatment can
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be replaced by the TGFβ family molecule Myostatin (GDF8)
in the presence of GSK-3β inhibitor CHIR99021 (GSK3i) and
B27 Supplement (B27), to produce more mature DE cells
[10]. An additional difference is the DE transition to hindgut
cells by treatment with posterior patterning growth factors
FGF-4 [11] and WNT [12] in one protocol [5] or Keratinocyte
Growth Factor/FGF-7 (KGF) and Retinoic Acid (RA) [13,14] to
mimic epithelial-mesenchymal interactions in a modified
protocol [8]. KGF was previously shown to promote intestinal
differentiation and proliferation in human intestinal epithelial
cell models [15,16]. Retinoic acid (RA) is an upstream regulator of the intestine-specific transcription factor Caudal type
homeobox 2 (CDX2) [17], the hindgut epithelial transcription
factor [18]. Hindgut spheroids expressing CDX2, are further
developed into HIO within 3D matrigel containing intestinal
growth and morphogenesis factors Noggin, R-Spondin1, and
EGF [4,8]. A difference, not obvious to someone not performing these protocols, is that spheroids budding off from the
adherent sheet of differentiating cells can be either floating
[4,5] or adherent [8] that are selected for 3D culture.
HIO have the potential to change the study of human
intestinal epithelia, by surmounting the limited accessibility
of human ex vivo samples and avoiding use of 2D cell lines
for permeability and transport assays used to understand
therapeutic delivery and efficacy. In addition, HIO provide
the opportunity to derive multicellular systems with normal
or disease phenotype in order to understand the emerging
science around the host gut metabolism. Since reproducibility and standardization of protocols are critical for iPSC
emerging science, we initially compared these protocols by
immunohistochemical localization and expression of several
epithelial markers in HIO. While doing this, we noticed differences in handling of the differentiating tissue and environment
could result in different outcomes. We had noted generally
higher levels of epithelial cell lineage marker gene expression markers in 3D HIO compared to those differentiated in
2D transwell culture [8]. In the present study, we found that
excised attached spheroids, which were reminiscent of crypt
structures, had more pronounced CDX2 immunostaining compared to collected floating spheroids. These two observations
suggested to us that changes in handling and localization of
structures, could drive the outcome to successful differenti-
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ated HIO, maybe as much as the differentiation growth factor
protocols. Finally, iPSC lines can be produced by the forced
expression of reprogramming transcription factors (e.g., Oct4,
Sox2, Klf4, and c-Myc) by means of retroviral transduction [1]
although this can potentially disrupt cellular stability and
function [19]. Thus, to compare the robustness of intestinal
differentiation, five cell lines were contemporaneously differentiated and their morphology and a number of markers
of differentiation through HIO tracked. Since some cell lines
failed to appropriately differentiate with markers associated
with each stage, or differed in the level of expression, another
aim was to determine if there were any predictive markers
that would reduce time spent unsuccessfully deriving HIO.
A direct comparison of the HIO differentiation of iPSC reprogrammed from different somatic cell types and by different
reprogramming methodology has not been reported, to our
knowledge. In view of the investment to make HIO, including
the recent successful in vivo engraftment and maturation of
HIO in mouse, [6], it is important to address the likelihood
of finding biomarkers of successful differentiation as early
as possible. A portion of this work has been published in
abstract form [20].

Methods

Cells used

iPSCs: The iPSC lines used in this comparative study were
derived from various cell types of origin and reprogramming methods (Table 1). The iPSC lines were all generated
by transducing genetically unmodified human cells with
viruses individually encoding the human transcription factors
(OCT4, SOX2, KLF4, c-MYC) and, for non-retroviral modified
RNA or mini-circle DNA, c-MYC was omitted and additional
transcription factors were used, as indicated (Table 1). Original
mesenchymal stem cells were isolated and obtained from
System Bioscience or within J&J and reported elsewhere [21].
In general, iPSCs were transitioned from Mouse Embryonic
Fibroblast co-culture to feeder-free culture conditioned upon
freezing. Differentiation protocol modifications were compared
initially on retroviral reprogrammed human kidney-derived
cells (A1145A) and foreskin fibroblast-derived cells (D2043A
and F1089A). Subsequently karyotyping revealed abnormalities in F1089A and it was replaced by another retroviral re-

Table 1. iPSC lines derived cell types and retroviral or non-viral reprogramming methods.
iPSC line

Source

Original cell type

Reprogramming method

A1145A
B2198A
C2128A
D2043A

J&J
J&J
J&J
System
Biosciences
System
Biosciences
J&J

Kidney-Derived Cells
Kidney-Derived Cells
Umbilical Tissue-Derived Cells
Normal Foreskin Fibroblasts

Retroviral: OCT4, SOX2, KLF4, c-MYC
Modified RNA: OCT4, KLF4, SOX2, C-MYC, LIN2
Modified RNA: OCT4, KLF4, SOX2, C-MYC, LIN2
Retroviral: OCT4, SOX2, KLF4, c-MYC

Adipocyte Stem Cells

Mini-Circle DNA: OCT4, SOX2, LIN28, NANOG

Normal Foreskin Fibroblasts

Retroviral: OCT4, SOX2, KLF4, c-MYC

E2055A
F1089A
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programmed cell (D2043A). The optimized protocol was then
compared during contemporaneous differentiation of cell
lines, which included three additional cell lines reprogrammed
by “integration free” techniques utilizing modified RNA or
minicircle DNA [22,23]-kidney-derived (B2198A) umbilical
tissue-derived cells (C2128A) and pre-adipocyte-derived
cells (E2055A).
iPSC lines were maintained in mTeSR1 culture media
(STEMCELL Technologies; Vancouver, BC) on culture dishes/
flasks coated with embryonic stem cell (ES)-qualified Geltrex
(Life Technologies; Carlsbad, CA) and passaged by Dispase
(STEMCELL Technologies) dissociation every 3-5 days as
previously described [4].

iPSC differentiation

Induced pluripotent stem cells were seeded into ES-qualified
Geltrex-coated 12- or 24-well tissue culture plates as cell clumps
at a density of 5–7.5x104 cells/cm2. Differentiation was started
3 days later, when cells typically reached 60-90% “confluency”
without any morphological indications of spontaneous differentiation. A summary of the protocols are shown (Table 2)
is Protocol I [4,5] and modified Protocol II [8]. The key modifications from Protocol 1 were as follows: In place of Activin A,
iPSCs were differentiated for 3 days using 500 ng/mL GDF8
(R&D Systems; Minneapolis, MN) and 1.5 μM StemoleculeTM
CHIR99021 (GSK-3 inhibitor, StemGent; Cambridge, MA) as
previously reported , with 0.1% Fatty-acid Free Bovine Serum
Albumin (FAF-BSA, Proliant/Lampire; Pipersville, PA) and the
addition of 1XB27 Supplement (Life Technologies) in RPMI
1640 (Life Technologies). In place of 3-4 days in WNT3A and
FGF-4, Stage 1 cells were further differentiated for 4 days
in Advanced DMEM/F12 (Life Technologies) with 50 ng/mL
KGF (Peprotech; Rocky Hill, NJ), 0.1% FAF-BSA, 15 mM HEPES
(Life Technologies), and 1XB27 Supplement, followed by an
additional 3-day hindgut differentiation step to Stage 2 with
the addition of 2 mM Retinoic Acid (RA; Sigma-Aldrich; St.
Louis, MO), 1:200 Insulin, Transferrin, Selenium, Ethanolamine
Solution (Life Technologies), and 2% FAF-BSA.
Finally, another difference from Protocol I is that in addition to floating spheroid structures (collected in Protocol I)
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there were those that formed within the adherent layer of
cells at Stage 2 in Protocol II. Therefore to test the ability of
forming HIO, initially both floating and excised adherent
spheroids were collected using a P200 pipette tip to 15 mL
conical tubes with media and spheroids allowed to settle by
gravity. Subsequently for Stage 3 differentiation, spheroids
were treated the same for both protocol I and II in 3D intestinal matrigel culture and differentiated to Stage 3 for 26-36
days. Media was changed daily until Stage 3 differentiation,
when media was changed every 3–4 days. Stage 3 organoids
were passaged every 2-3 weeks, as previously described [4].

Protein markers of differentiation

Cell surface markers and transcription factor expression were
quantified by flow cytometry. Undifferentiated or Stage 1
clusters and cells were detached by treatment with Accutase
(Sigma-Aldrich; St. Louis, MO) and stained for viability using
Near Infrared Live/Dead kit (Invitrogen; Carlsbad, CA) before
fixation in Cytofix Buffer (BD Biosciences; San Jose, CA). Cells
were then stained with PE-conjugated mouse anti-human
CD184/CXCR4 (Biolegend; San Diego, CA) before permeabilized with Phosflow Perm Buffer (BD Biosciences) and stained
with APC-conjugated goat polyclonal anti-human SOX17
(R&D Systems; Minneapolis, MN). Stained cells were analyzed
in conjunction with appropriate compensation controls (BD
Biosciences) by flow cytometry using an LSR Fortessa FACS
Sorter (BD Biosciences). Raw data was analyzed by FlowJo
analysis software (Tree Star; Ashland, OR).
Tissue morphology and protein localization were determined in HIOs by immunohistochemistry. Floating spheroids
and HIOs were transferred from matrigel, settled by gravity,
fixed in 10% Neutral Buffered Formalin (ThermoScientific; Rockford, IL) and embedded in paraffin. Sections (4 μm) of HIO or human tissue bank (MTB330, QualTek Molecular Labs; Goleta, CA)
were dried on glass slides (60°C). Steam heat induced epitope
recovery (SHIER) system [24] was followed by were incubated
in mouse anti-human E-Cadherin (M3612, Dako; Denmark),
CDX2 (M3636, Dako), villin (M3637, Dako), chromogranin A or
control (non-immune) IgG and Avidin Biotin Complex immunohistochemistry (BioTek Solutions/Ventana Medical Systems).

Table 2. Summary of protocol I and modified protocol II for differentiation of HIO.
iPSC
Protocol I
-growth factors
Protocol II
-growth factors
Days incubation -Cell type
Stage markers

Pluripotent

Stage 1

Stage 2

Activin A

Stage 3 (from stage 2 floating or excised
spheroids)
EGF, Noggin, R-Spondin1

WNT3A, -FGF-4
GDF-8, GSKi, KGF
KGF, RA EGF, Noggin, R-Spondin1
B27
3
3-4
4
26+

Definitive
Endoderm
OCT4, SOX2, Nanog, SOX17,
SSEA3,Tra-1-81
CXCR4

Hindgut
CDX2

Intestinal epithelial
E-Cadherin, CDX2, Villin, chromagranin A
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Differentiation protocols I and II using retrovirally
reprogammed cell lines

We compared retrovirally reprogammed cell lines A1145A and
F1098A differentiation to DE by either Activin A treatment
(Protocol I) or Myostatin (GDF8), GSK-3β inhibitor (CHIR99021)
and B27 supplement (Protocol II). Both protocols resulted in
similar expression of DE markers SOX17 and CXCR4 (shown
for F1098A cells, Figure 1A). The starting cell culture density
was reported to be critical for successful HIO is [4]; however,
SOX17 and CXCR4 expression was similar across a wide range of
pre-differentiation % confluent cells using both protocols and
there was no correlation of initial confluency to the expression
of either SOX17 (r2=0.06; p=0.27) or CXCR4 (r2=0.04; p=0.36).
Further incubation in KGF and RA produced robust expression of hindgut marker CDX2, as reported previously [4,5] and
this could be visualized in what appeared to be developing
spheroids (arrows Figure 1B). Using either protocol, both
A1145A (Figure 1C) and F1089A (Figure1D) produced easily
excisable spheroids on top of the confluent layer of cells or
hollow structures (Figure 1C, left panel), or floating spheroids
(Figure 1D, left panel). Excisable spheroid structures that were
transferred to 3D intestinal matrigel suspensions proliferated and formed structures that could be propagated over
multiple “passages”. The appearance of stage 3 HIO derived
by Protocol I and II from both cell lines was notably different. In the case of Protocol I HIO have dense core structures
and spindly outgrowths (Figures 1C and 1D, top right panels),
whereas Protocol II HIO exhibited dense core structures and
many peripheral folded buds (Figures 1C and 1D, bottom
right panels).
HIO derived by protocol I and II were also compared by immunohistochemical staining for the localization and intensity
of the E-cadherin (epithelial cell adhesion complexes [25]),
CDX2 (promotes hindgut intestinal cell fate [26], and villin
(actin-binding protein associated with the intestinal brush
border [27]. Antibody staining was optimized in banked human intestinal tissue (Figure 2A) and compared using the same
staining protocol for 5 µm sections from A1145A (Figure 2B)
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Results

A

Protocol

Semi quantitative analysis of the immunohistochemical staining intensity and frequency was performed. Samples were
scored separately for each of the three antibodies tested and
each received a membrane score for E-cadherin, a nuclear score
for CDX2, and both a cytoplasmic and apical score for villin.
Each score is arrived at by a semi-quantification technique in
which the reviewer estimates the percent of cells that are at
a 0, 1+, 2+, or 3+ staining intensity (where 0=no staining, 1+
=low intensity staining, 2+=moderate intensity staining and
3+=high intensity staining). A sample was considered positive if staining of 10% of cells at 1+ or greater was achieved.
Representative images were obtained using Koehler illumination with an Olympus Microfire digital camera (M/N S97809)
attached to an Olympus BX60 microscope.
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Figure 1. A: iPSCs express DE markers SOX17 and CXCR4 to
a similar extent when differentiated using Protocol I (Activin
A) or Protocol II (GDF8+GSK3i+B27), using F1089A cell line
as an example. B: Hindgut CDX2 positive immunostaining
is expressed in developing cellular clumps (spheroids) after
protocol II incubation (KGF and RA) where nuclear (DAPI
blue) and CDX2 (red) -immunoreactivity overlap (example
shown by arrow) C: Representative images of morphology
at different stages of A1145A. Protocol I (top) showed large
elongated and dense structures at Stage 2, excised with some
budding hollow structures that were (e) that were excised.
Protocol II (bottom) showed spheroids at Stage 2 (e), In both
protocols, HIO developed with a large number of budding
hollow spheroids (e.g., arrow) during differentiation in 3D
matrigel culture. 4X magnification. D: Representative images
of morphology at different stages of F1089A. Protocol I at
Stage 2 resulted in large compact spheroids that could be
excised (e) and developed into dense HIO with ill-defined
outgrowths during Stage 3 differentiation in 3D matrigel.
Protocol II (bottom) showed spheroids at Stage 2, which
developed into HIO with a large number of budding hollow
structures that were excisable (e) as well as and floating (f)
spheroid structures. 4X magnification.

derived HIO. This confirmed differences in Protocol I and II
using both cell lines derived HIO from excised spheroids.
A1145A protocol I derived HIO showed weak E-cadherin
immunoreactivity, however they did not express CDX2 or
villin (Figures 2B and 2C upper panel). In contrast, Protocol II
excised spheroids from A1145A derived cell line (Figure 2A
lower panel) developed into HIO with strong E-cadherin
staining in cells, brush border villin localization and nuclear
CDX2, apparently colocalized in the same cells by comparing
adjacent sections.
The improvement in epithelial cell marker staining using protocol II was confirmed by F1089A-cell line derived HIO (Figure 3).
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HIO-derived by protocol I showed some level of of E-cadherin
and villin immunostaining but with weaker or patchier staining,
and less convincing cell localization (Figure 3A upper panel)
compared to the stronger expression of these markers and
including CDX2 using protocol II (Figure 3B middle panel). In
addition, We directly compared excised spheroids differentiated to HIO (as above) to the reported floating spheroids differentiated to HIO [4]. Protocol II-treated F1089A cell-derived
stage 2 cells produced floating spheroids from the underlying
adherent layer of cells (as shown in Figure 1D).
Immunohistochemistry of Protocol II-derived floating
spheroids collected Stage 2 showed that these cells did not
express intestinal markers (Figure 3B bottom panel). Thus, for
iPSC lines A1145A and F1089A, the most promising Stage 3
HIOs were produced from Protocol II using excised spheroids
at Stage 2. Overall successful spheroid formation seems critical for future successful differentiation. In addition to excised
spheroids in matrigel being predictive appropriate HIO markers,
we observed that the absence of CXCR4 at stage 1 resulted
in absence of spheroids at Stage 2 (Figure 3B).
In addition to absorptive enterocytes, we visualized the
enteroendocrine marker chromogranin A [28] in HIO. Immunostaining was optimized in banked human intestinal
tissue and A1145A-derived HIO showed a similar expression
of chromogranin A in discrete puncta within HIOs (Figure 3C).

40X
Excrsed spheroids

II

I

Figure 2. Immunostaining of intestinal epithelial marker
expression in tissue and A1145A iPSC-derived HIO.
A: E-cadherin, CDX2 and villin staining in banked human
intestinal tissue.
B: Protocol I HIO from excised stage 1 spheroids express low
levels of iffuse staining of E-cadherin and villin, but not CDX2
after 36 days of Stage 3 differentiation.
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enterocytes

Protocol

CDX2
Hindgut epithelia
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Figure 3. A: Immunostained HIO derived from F1089A
excised spheroids by Protocol I and II excised spheroids (top
and middle panel) and protocol II floating spheroids (bottom
panel). Only Protocol II excised stage 2 spheroids develop
into HIO that express moderate- intense immunostaining
for E-cadherin, CDX2 and villin after 36 days of Stage 3
differentiation.
B: Stage 1 definitive endoderm marker expression is required
for later stage morphology. Example of an iPSC line with poor
definitive endoderm marker expression at Stage 1 that did not
develop excisable spheroids by Stage 2.4X magnification.
C: Enteroendoendocrine marker chromogranin A expression
in human tissue (top) and HIO from A1145A differentiation
(bottom).

reprogrammed cell lines (B2198A, C2128A and E2055A) were
concurrently induced for intestinal organogenesis. Karyotype
analysis was performed on all cell lines and F1089A cell line
was discontinued for further study due to abnormal chromosome appearance in this cell line.
There was no apparent difference by flow cytometry analysis
(Figure 4) between all pluripotent cell lines for expression of
standard pluripotent markers [29,30] indicating that all cell
lines have similar differentiation potential. Specifically, all
undifferentiated iPSC lines showed high expression (>70%)
of pluripotent markers, including surface markers SSEA3
and TRA-1-81, as well as transcription factors OCT4, SOX2,
Multiple cell lines differentiate to HIO using protocol II and Nanog. Cell lines did not express general differentiation
Protocol II was used to compare different somatic cell types marker SSEA1.
and reprogrammed iPSC lines (Table 1) to form HIO under
To compare DE formation at Stage 1, differentiating iPSCsimilar differentiation conditions. Both retro-virally repro- lines were evaluated by flow cytometry for the expression of
grammed cell lines (A1145A and D2043A), and non-retro-virally CXCR4 and SOX17. A1145A, B2198A, C2128A, D2043A, and
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Discussion and conclusion

Two protocols for differentiating retrovirally reprogrammed
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E2055A all exhibited double-positive expression of definitive
endoderm cell surface receptor CXCR4 and transcription factor SOX17 at Stage 1 to some extent, ranging from 42–73% of
the iPSC-derived Stage1 population (Figure 5, right column).
Undifferentiated C2128A had surprisingly high CXCR4 and
SOX17 expression, but all the other cell lines had DE marker
expression in Stage 1 that was generally much higher than that
seen in undifferentiated cell populations (Figure 5, left column).
The morphological changes during differentiation of iPSC
lines followed a similar general pattern (Figure 6). Differentiation to Stage 1 resulted in monolayer-like morphology for
all iPSC lines (Figure 6, left column), with the appearance of
developing dense structures in some instances. At Stage 2,
cells within all iPSC-derived adherent cultures formed excisable spheroids at various sizes and frequency (Figure 6, middle
column), which were collected and further differentiated in
Stage 3 matrigel. After culture for 25 days dense structures
formed that proliferated over multiple passages. Similar to
the initial observations comparing Protocols I and II, HIO morphology differed by the amount of folded buds, reminiscent
primary tissue intestinal crypts, and by the presence of long
spindly outgrowths (Figure 6 right column). Semi-quantitative
analysis of the formation of buds in Stage 3 indicated that
there was a range of 3–15 buds per HIO.
All IPSC-derived HIO were immunostained for E-cadherin,
CDX2 and villin and qualitatively, all iPSC lines showed expression of E-cadherin, CDX2, and villin in at least a subset
of cells (Figure 7). For example, expression E-cadherin did
not appear to differ greatly in HIO similar intensity and cellular organization was noted, but regions of staining were
less frequent in cell line E2055A. This cell line also had low
expression of CDX2 and villin in the adjacent sections, both
qualitatively and semi-quantitatively (Figure 7 left, bottom
panel). Overall, the frequency and intensity of expression
for CDX2 and villin was markedly greater for the two retrovirally reprogrammed cell lines, A1145A and D2043A (Figure 7
middle and right, bottom panel). These results suggest that,
while this intestinal organogenesis protocol is capable of
differentiating pluripotent stem cells from multiple sources
into intestinal marker-expressing cells at Stage 3, some iPSC
lines show more robust differentiation than others.
The amount of bud formation in Stage 3 HIO was compared
to the semi-quantitative immunohistochemical scoring for
intestinal markers and was correlative in some cases. For
example, E2055A, a cell line with low villin immunostaining
at Stage 3, showed few formed buds, with a high incidence of
spindly outgrowths. Supporting this, a correlation was noted
between the average number of buds and villin expression
in HIO across all cell lines (r2=0.79; p=0.04). On the other
hand, no relationship between bud formation was noted for
e-cadherin (r2=0.23; p=0.41) or CDX2 (r2=0.35; p=0.29).
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Figure 5. Expression of DE markers SOX17 and CXCR4 in
iPSCs before differentiation and at Stage 1 assessed by flow
cytometry. All iPSC lines showed similar increased expression
of SOX17 and CXCR4 in Stage 1 except C2128A that had
surprisingly high expression in Stage 1.

iPSCs to HIOs both resulted in equivalent differentiation to
DE where cell expression of SOX17 and CXCR4 was indistinguishable. In protocol II GDF8, also in the TGFβ family, was
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Stage 3 (Day 25)

E-Cadherin
Tight Junctions

B2198A
C2128A

substituted for Activin A, and its robustness was also more
cost-effective. Several morphological characteristics (excisable
versus floating hindgut spheroids and extent of budding)
were associated with successful hindgut differentiation into
HIO. These HIO had expression of intestinal epithelial markers
E-Cadherin, CDX2, Villin, and Chromogranin A with some of
the typical tissue architecture of adult intestine, although
they are highly heterogeneous possibly because of a lack of
embryonic axis formation [31].
Finally, both cell lines retrovirally reprogrammed and all
three cell lines non-retrovirally reprogrammed from different
somatic cells all produced HIO. However, the retro-virally
reprogrammed cells produced more robust HIO epithelial
cell marker expression and this may be relevant for their
use as translational 3D models of the gut physiology and
pathophysiology. While retrovirally reprogrammed cell lines
have been essential for the initial characterization of iPSCs
relative to embryonic stem cell lines, they are incompatible with therapeutic applications, as genomic integration
of reprogramming factors introduces a risk of insertional
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Figure 6. All iPSC stage-specific morphology. Left: At stage
1, all lines showed monolayer morphology with sporadic
dense structures (“d”). Middle: At stage 2, all lines developed
excisable spheroids (“e”). Right: Excised spheroids all developed
into Stage 3 HIO with peripheral buds (arrows). Stage 1: 10X
magnification; Stages 2 and 3: 4X magnification.

CDX2
Hindgut Epithelia
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Figure 7. Representative digital images of iPSC-derived
HIO differential expression of intestinal epithelial markers
E-cadherin, CDX2 and villin after 25 days 3D matrigel culture.
Bottom Panel: Semi-quantitative immunohistochemical score is
related to the intensity and frequency of marker staining within
organoid cell populations.

mutation that can potentially disrupt cellular stability and
function [19]. High expression of pluripotent markers was
evident in E2055A, which showed deviations from ideal ESlike morphology within maintenance cultures. Regenerative
medicine approaches may be more appropriate by direct
differentiation of crypt stem cell enteroids [32,33] rather than
iPSC. Overall, these data can help improve cost-effectiveness,
and ease of differentiation from different reprogrammed cell
lines, enabling HIO to become more commonly available to
research labs in this field.
Optimizing and understanding at least some early markers
of successful HIO differentiation is important because of the
time and effort it takes to make 3D HIO and their standardization. Furthermore the emergence of technology for in vivo
models of human intestine generated from HIO engrafted into
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rodents require even more time and the use of animals [6].
As pointed out in a recent review, different methods used
to generate intestinal organoids and maintain their growth
in vitro, can confound comparisons from different studies [7].
We previously demonstrated that iPSC-derived intestinal cells
express more physiologically relevant markers of epithelial
lineages than another in vitro model of human intestinal
epithelia such as immortalized cell line Caco-2 but limitations on the functionality such as barrier function remain
[8]. Thus, the appropriate identification of robust HIO will be
critical for reducing animal use for engrafted HIO, which is
required for the functionality and appropriate maturation of
the epithelium and mesenchyme [6].
We did confirmed that differentiation protocols (Protocol I;
[4,5] and Protocol II [8] differentiated to DE and hindgut with
excisable spheroids that can develop into 3D HIO. However,
floating spheroids, in our hands, did not express CXCR4 nor
develop into HIO, as opposed to that reported [4,5]. Protocol
I-differentiated A1145A or F1089A developed large elongated
or spheroid structures attached to the adherent layer of differentiating cells and Protocol II-derived cells gave rise to
mostly spheroid structures within the adherent layer of cells.
In the case of iPSC line F1089A, floating spheroids did emerge
by Stage 2, but immunohistochemical analysis revealed no
expression of intestinal markers E-Cadherin, CDX2, or Villin
in these floating spheroids. Particularly, the lack of CDX2
expression in the floating spheroids developed by Stage 2 of
Protocol II intestinal organogenesis suggests that they were
not precursors of intestinal organoids, as were those previously
reported [5]. This was confirmed by immunohistochemistry at
Stage 3, which showed that only excisable spheroids went on
to produce HIOs with dense, budding morphology reminiscent
of intestinal organoids derived from primary tissue intestinal
crypts or intestinal stem cells [34], and intense expression of
intestinal markers E-Cadherin, CDX2, and Villin.
Anther important observation was the pluripotent stem
cell culture density upon initiation of differentiation. A higher
starting cell density was previously reported to be critical for
successful intestinal organogenesis [4]. However, there was
no apparent difference in DE differentiation efficiency, when
quantified in the present study by CXCR4 marker expression,
within a range (30–100%) of starting confluency of iPSC cell
clumps.
Finally, we noted the chromogranin A, a marker for hormone-secreting enteroendocrine cells was expressed much
earlier in our protocol at Day 28; whereas it was previously
reported to be present in HIO after >100 days in culture [5].
Enteroendocrine function such as incretin release will be valuable for studying microbiome product-intestinal interactions
[35]. Overall, these studies confirm that generating HIO is a
viable option for producing intestinal epithelial-like cells from
human iPSCs. It provides a perspective on key parameters to
avoid or look out for, with an advantage of cost-effectiveness
of this protocol relative to previously published methods.
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