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SUMMARY

Donor-to-donor variability in primary human organoid cultures has not been well characterized. As these cultures contain multiple cell
types, there is greater concern that variability could lead to increased noise. In this work we investigated donor-to-donor variability in
human gut adult stem cell (ASC) organoids. We examined intestinal developmental pathways during culture differentiation in ileum-
and colon-derived cultures established from multiple donors, showing that differentiation patterns were consistent among cultures.
This finding indicates that donor-to-donor variability in this system remains at a manageable level. Intestinal metabolic activity was eval-
uated by targeted analysis of central carbon metabolites and by analyzing hormone production patterns. Both experiments demonstrated
similar metabolic functions among donors. Importantly, this activity reflected intestinal biology, indicating that these ASC organoid cul-
tures are appropriate for studying metabolic processes. This work establishes a framework for generating high-confidence data using hu-

man primary cultures through thorough characterization of variability.

INTRODUCTION

Historically, intestinal biology has been studied using
immortalized or transformed cell lines. While these cell
lines play a useful role, primary cell-culture models provide
a more physiologically relevant system to address unan-
swered questions and more accurately model in vivo re-
sponses. Groundbreaking work in 2009 described modern
organotypic cultures that are derived from adult mouse in-
testinal stem cells, are self-organizing, and contain nearly a
complete repertoire of functional (terminally differenti-
ated) cells as found in the originating tissue (Sato et al.,
2009). A system derived from human intestinal stem cell
was described subsequently (Sato et al., 2011a). These adult
stem cell (ASC) organoid cultures enable a vast swath of
in vitro studies in cells derived from a healthy host, in
contrast to previous culture systems that relied on immor-
talized or transformed cells.

Gut ASC organoid cultures containing differentiated cells
recapitulate in vivo intestinal cell composition. Absorptive
and secretory cell types, which carry out the function of
the intestine, are present in ASC organoid cultures. Entero-
cytes serve as absorptive cells in the intestine and are the
most abundant cell type (Fish and Burns, 2020). Their func-
tion is quite diverse, ranging from lipid, sugar, amino acid,
and inorganic molecule metabolism to bile acid reabsorp-
tion (Chen et al., 2018; Dawson, 2011; Gao et al., 2019;
Hernando and Wagner, 2018; Hussain, 2014; Ko et al.,
2020). Three secretory cell types commonly found in the
intestine are also found in ASC organoids. Paneth cells
are specialized secretory cells that reside at the base of intes-
tinal crypts. In addition to secreting antimicrobial peptides
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and proteins, Paneth cells produce essential niche signals
required for stem cell maintenance (Clevers and Bevins,
2013). Goblet cells produce and secrete mucus (Johansson
etal., 2013), thereby generating a barrier surface. Enteroen-
docrine cells produce and secrete neurotransmitters and in-
cretin hormones (Gribble and Reimann, 2019) that play
major roles in gut peristalsis and vasodilation as well as
pancreatic insulin secretion and satiety. Two other cell
types (tuft cells [Nevo et al., 2019] and microfold cells [Dil-
lon and Lo, 2019]) occur in vivo, but differentiation toward
these lineages has to be induced by the addition of cyto-
kines in ASC organoid cultures.

As ASC organoids contain both stem and differentiated
cells, they have been deployed in a range of studies
including fundamental pathway analysis efforts (Date
and Sato, 2015; Dubey et al., 2020; Lindemans et al.,
2015), establishing disease models (Bartfeld, 2016; Schut-
gens and Clevers, 2020; van der Vaart and Clevers, 2020),
validating drug activity and efficacy, and genetic screening
efforts (Michels et al., 2020; Ringel et al., 2020). Despite
wide deployment, to date variations among donors in dif-
ferentiation patterns and, therefore, functional readouts
have not been characterized in human ASC intestinal
organoid cultures. To address this knowledge gap, we estab-
lished cultures from ileum and colon of six donors and
examined donor-to-donor variability for multiple parame-
ters. We show a high degree of correlation among donors,
indicating that differentiation patterns are consistent.
Additionally, small differences among donors in funda-
mental intestinal functions (such as metabolic activity
and hormone secretion) did not hinder interpretation of re-
sults. Taken together, these data highlight the importance
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Figure 1. Consistent differentiation of ileum- and colon-derived ASC organoids

(A) Schematic for time courses. Cultures were maintained for 10 days in total, switching to differentiation medium on day 3. Samples were
collected on days 2, 4, 7, and 10. Day-2 cultures, maintained only in proliferation medium, were used as a baseline for gene expression in
subsequent analysis.
(B) Stem/proliferative, secretory, and absorptive cell markers used to assess differentiation.

(legend continued on next page)
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of thoroughly characterizing human ASC organoid cul-
tures with a diverse set of assays. Heterogeneity is an
inherent and appropriate feature of human ASC organoid
cultures, but we show that variability could be managed
to yield robust and interpretable datasets.

RESULTS

Assessing developmental gene expression patterns

Gut ASC organoid cultures were established by isolating
crypts from human intestinal tissue as previously described
(Miyoshi and Stappenbeck, 2013; Sato et al., 2011a). Cul-
tures were derived from ileum and/or colon of donated
cadaver tissues from six adult donors of diverse ages and
ethnicities (Table S1). Both ileum and colon cultures were
established from all donors except donors 4 (ileum only)
and 5 (colon only). Median age and body mass index
were 31.5 (range: 18-47) years and 27 (range: 19.7-32.9)
kg/m?, respectively (summarized in Table S1).

These ASC cultures were grown in proliferation medium
for 2 days and switched to two types of differentiation me-
dium on day 3. Certain growth factors were removed (ENR
medium [Sato et al., 2011a]) or reduced (5% L-WRN me-
dium [Miyoshi and Stappenbeck, 2013]) to induce differen-
tiation of cultures. Because of both technical and potential
impact on signaling pathways, both media formulations
were included (for details see supplemental experimental
procedures).

Samples were collected at days 2, 4, 7, and 10 after the
initiation of ASC organoid cultures (Figure 1A). Multiple
time courses (2-3 per culture spanning several passages)
were carried out for each culture to assess inter- and intra-
donor variability. Furthermore, isolated crypts that were
used to initiate cultures were included for the comparison
of ASC organoid cultures with original tissue. Overall, 26
time-course assays were carried out, generating 556 RNA
samples, leading to 13,344 qPCR observations.

Differentiation status of cultures was assessed using qRT-
PCR, focusing on expression of developmental genes (Fig-
ure 1B; markers/probes are listed in Table S2). We designed
a qPCR panel containing markers of stem/proliferative,
secretory, and absorptive cells (Figure 1B). MKI67, LGRS,
ASCL2, and AXINZ2 were used as markers for proliferative
and stem cells (Barker et al., 2007; Bullwinkel et al., 2006;
Jho et al., 2002; Li et al., 2016; van der Flier et al., 2009).

ATOH1 and HES1 were included as markers of secretory
and absorptive progenitors, respectively (Gehart and
Clevers, 2019). Additionally, markers for predominant
functional secretory cell types were included: CHGA for en-
teroendocrine cells (Engelstoft et al.,, 2015), MUC2 and
TFF3 for goblet cells (Pelaseyed et al., 2014), and LYZ,
DEFAS, and DEFA6 for Paneth cells (Gassler, 2017). Several
enterocyte markers were analyzed: CYP3A4, PGP, BCRP,
SLC15A1, and SLCI10A2 (International Transporter et al.,
2010; Kaminsky and Zhang, 2003) were included as meta-
bolic and absorptive markers and KRT20, PDL1, BTNL3,
and BTNLS8 were included as structural and intercellular
signaling molecules (Di Marco Barros et al., 2016; Moll
et al., 1990).

Consistent developmental pathway gene expression
patterns among donors

To assess the differentiation potential of cultures, we
compared later time points (more differentiated) with an
early time point (more stem/proliferative). Transcript levels
of the markers were examined, comparing days 4, 7, and 10
with day 2 and visualized on a volcano plot. This analysis
showed that stem/proliferative cell markers were downre-
gulated over time whereas secretory and absorptive cell
markers were upregulated (Figure 1C). Importantly, ileum-
and colon-derived cultures behaved similarly. This devel-
opmental pattern was shared among all cultures analyzed,
indicating that differentiation potential was similar for all
cultures.

The proliferation marker MKI67 was downregulated as
cultures differentiated. Additionally, previously described
adult intestinal stem cell markers LGRS, ASCL2, and
AXIN2 followed a similar pattern (Figure 2A). This pattern
points to a shift to a mitotically arrested state over time,
which is indicative of enrichment for terminally differenti-
ated cells. ASCL2 gene expression was challenging to detect
in all samples. Starting transcript levels were relatively low
(day-2 C; value 32.0 £ 2.46 for ASCL2 versus 25.9 + 1.52 for
LGRS, 23.6 + 1.50 for AXIN2, and 21.8 + 1.63 for MKI67;
Figure S1A), making reliable detection difficult as gene
expression was downregulated over time. Therefore, this
marker was excluded from subsequent analysis. The overall
expression pattern for stem and proliferative cell markers
was similar for ileum and colon cultures (Figure S1A).
Comparing ASC organoids and original tissue, expression

(C) Assessing differentiation for each culture and donor. A ratio of gene expression (qPCR analysis) on day 4, 7, or 10 to gene expression on
day 2 was calculated for each marker. Data were visualized as volcano plots for each culture, representing p value versus fold change in
gene expression. Both ileum and colon cultures were present for all donors except for donor 4 (ileum only) and donor 5 (colon only). Each
individual culture was analyzed using 2-3 independent time courses (details outlined in experimental procedures); each time course
included three cell-culture (technical) replicates. Gray vertical lines represent fold change of 1. Circles represent ileum cultures and di-
amonds represent colon cultures. Each symbol represents a marker for one sample (distinct replicate and time point). Colors represent each
class of cell types (stem/proliferative, secretory, or absorptive) assessed.
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of stem and proliferative markers was similar (Figures S1A
and S1D), although LGRS expression was lower in ASC
organoid cultures (average values in ileum: 0.0197 in
ASC organoids, 0.302 in tissues; average values in colon:
0.0543 in ASC organoids, 0.167 in tissues).

Goblet and enteroendocrine cell markers MUC2, TFF3,
and CHGA increased in expression as cultures developed,
indicating the presence of these cells in well-differentiated
cultures (Figure 2B). Expression of goblet cell markers was
similar when comparing ileum and colon cultures (Fig-
ure S1B). Additionally, the expression pattern in ASC orga-
noids and human tissue was similar (Figures S1B and S1E).
The increase in expression for Paneth cell markers LYZ,
DEFAS, and DEFA6 was not dramatic. Appropriately, Pan-
eth cell markers were detected at a lower level in colon cul-
tures than in ileum cultures (Figure S1B), consistent with
the presence of Paneth cells in the small intestine but not
colon (Clevers and Bevins, 2013). Tissue expression of Pan-
eth cell markers was as expected: higher expression of all
markers was observed in ileum (Figure S1E). Importantly,
expression of DEFAS5 and DEFA6 was higher in tissue than
in ASC organoids. This result suggests that media condi-
tions used were not conducive to the robust formation of
Paneth cells, similar to previous results (Mead et al., 2018).

To assess the development of enterocytes, we determined
the expression of several markers. Structural and signaling
molecules KRT20, PDL1, BTNL3, and BTNLS8 increased
expression over time (Figure 2C) and did not display
distinct ileum-colon expression patterns (Figure S1C).
Additionally, we quantified the expression of molecules
important for metabolism and transport. Expression of
CYP3A4 was examined, as cytochrome P450 enzymes are
important for intestinal metabolism. Expression of
CYP3A4 increased dramatically over time in all cultures
(Figure 2C). CYP3A4 expression was higher in ileum cul-
tures than in colon cultures (Figure S1C), reflecting the
metabolic function of the small intestine, as has been
observed previously (McKinnon et al., 1995). Additionally,
the expression of ATP-binding cassette family transporters
PGP and BCRP was upregulated over time (Figure 2C),
showing little ileum-colon expression difference (Fig-
ure S1C). Similarly, the expression of solute transporters
SLC15A1 and SLCI0A2 was upregulated considerably
over time (Figure 2C). The expression of both solute trans-
porters was higher in ileum cultures (Figure S1C), once
again emphasizing the importance of the small intestine
as the major site of nutrient transport. Interestingly, while

expression levels for enterocyte markers were broadly
similar in ASC organoids (Figure S1C) and original tissue
(Figure S1F), ileum-colon polarity was lost for some tran-
scripts. This was most apparent in transporters where
PGP, BCRP, and SLC15A1 were more highly expressed in
ileum in original tissue but not in ASC organoids, whereas
SLC10A2 maintained its pattern of higher expression in
ileum-derived ASC organoids.

Quantifying inter- and intra-donor variability during
epithelial cell differentiation

We determined the extent of variability among cultures us-
ing principal component and correlation analysis. Gene
expression data generated by qPCR for developmental
pathway analysis for both ASC organoids and original hu-
man tissue (discussed in Figures 1 and 2) were used. All
data points were analyzed on the basis of six features: tissue
(ileum versus colon), donors, day of RNA harvest, medium
type, culture passage number, and replicates. Principal
component analysis (PCA) showed that samples collected
on each day of time-course experiments clustered together
(Figures 3A and 3B). Importantly, culture development and
differentiation could be traced along principal component
1 (PC1), which captures most variation in data. Day-2
samples (highly proliferative/homogeneous stem cultures)
clustered away from day 7 and day 10 (highly differenti-
ated/heterogeneous cultures) samples. Day-4 samples,
which represent an intermediate state between prolifera-
tive/stem and differentiated cultures, fell between day-2
and day-7/10 samples along PC1. Additionally, day-7 and
day-10 samples clustered closely, indicating that little
further differentiation occurs after day 7. This analysis
clearly showed that differentiated cultures were transcrip-
tionally distinct from proliferative cultures. Importantly,
original tissue samples clustered with day-2 ASC organoid
samples (Figures 3A and 3B). Original tissue samples con-
sisted of isolated crypts, where proliferative cells are located
in the intestinal gland, making this observation biologi-
cally appropriate.

Variability among donors was examined next. On PCA
plots, little clustering was observed when ileum and colon
samples were colored according to originating donor (Fig-
ures 3C and 3D), suggesting that differences among donors
is not a major driver of variability. Next, we sought to quan-
tify the extent of similarity among ASC organoid cultures.
To quantify similarity among donors, we employed Pear-
son correlation analysis. When comparing gene expression

Figure 2. Regulation of stem/proliferative, secretory, and absorptive cell markers

Expression of each stem/proliferative (A), secretory (B), and absorptive (C) markers is shown as a ratio of day 4, 7, or 10 to day 2 as
presented in Figure 1C. Plots are colored according to time point (darker colors are later time points) and each symbol represents a separate
sample (distinct donor, replicate). As in Figure 1C, 2-3 time courses are presented for each culture, and each time-course experiment
includes three cell-culture (technical) replicates. All gene expression analyses were performed by qPCR.
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patterns in differentiated (day-7) ASC organoids, a high de-
gree of correlation was observed (Figures 3E and 3F). Corre-
lation coefficients ranged from 0.803 to 0.958 for ileum
cultures and from 0.808 to 0.968 for colon cultures. The
high degree of correlation suggests that cultures broadly
behave similarly when differentiated. This is an important
outcome, indicating the likely generalizability of results
produced in this culture system.

Additional variables among cultures were examined us-
ing PCA. As expected, samples incubated in the same
medium clustered together (Figure S2A)—that is, samples
grown in proliferation medium clustered together and
samples grown in either differentiation medium clustered
together. These results recapitulate findings from time-
based PCA plots (Figures 3A and 3B). Additionally, this
analysis shows that there is little difference between 5%
L-WRN conditioned medium and ENR differentiation
medium with respect to developmental pathways. Impor-
tantly, little clustering was observed when comparing sam-
ples over several passages and cell-culture replicates, sug-
gesting minimal intra-donor variability (Figures S2B and
S2C).

Expression of inflammatory immune receptors is
developmentally controlled

To evaluate the potential for modeling inflammatory dis-
eases in ASC organoid cultures, we quantified the expres-
sion of immune receptors that initiate proinflammatory
signaling pathways in proliferative and differentiated ASC
organoid cultures. We focused on receptors for interferons
(IFNs) and tumor necrosis factor (TNF), as they have been
implicated as important drivers of inflammatory gut indi-
cations (Andreou et al.,, 2020; Delgado and Brunner,
2019; Neurath, 2019). The expression of type I (IFNARI
and IFNAR2), type Il (IFNGR1 and IFNGR2), and type III
(IFNLR1I and IL10R2) IFN receptors as well as two TNF re-
ceptors (TNFR1 and TNFR2) was quantified. Interestingly,
receptor expression was higher in differentiated cultures
than in proliferative cultures (Figure 4A). This pattern was
consistent among the three donors analyzed, suggesting
that this phenomenon is generalizable. This pattern held
true for type I (Figure 4B), type II (Figure 4C), and type III
(Figure 4D) IFN receptors as well as TNF receptors (Fig-
ure 4E). These findings highlight the importance of thor-
ough characterization of immune receptor expression prior
to challenging cells with cytokines or pathogens.

IFN receptors did not show a statistically significant
ileum-colon culture expression bias (Figures S3A-S3C).
TNF receptors appeared to be more highly expressed in
ileum cultures (Figure S3D). TNFR1 expression was indeed
significantly higher in ileum cultures (p = 0.0008), whereas
the difference for TNFR2 expression was not statistically
significant (p = 0.0997). Robust and reproducible expres-

2370 Stem Cell Reports | Vol. 16 | 2364-2378 | September 14, 2021

sion of IFN and TNF receptors indicate that this ASC orga-
noid system is suitable for modeling intestinal inflamma-
tory disease in vitro.

Markers of functional intestinal cells are detected at
protein level

The presence and fractions of functional cell types in ASC
organoid cultures were determined using immunofluores-
cence microscopy (Figure 5). Differentiated cultures (day
7) were fixed and markers of Paneth (lysozyme), goblet
(mucin 2), and enteroendocrine (chromogranin A) cells
were detected. Structural proteins actin and E-cadherin
were detected as markers of apical microvilli and cell junc-
tions, respectively. This analysis showed that ASC organo-
ids formed polarized structures with apical surfaces facing
the lumen, as expected. Additionally, uniform E-cadherin
staining was detected, indicating the formation of tight
barrier surfaces. Finally, lysozyme, mucin 2, and chromog-
ranin A were detected in cultures, confirming the presence
of secretory cells in day-7 cultures (Figure 5A). Importantly,
bright-field imaging confirmed the presence of a healthy
epithelium as cultures differentiated (Figure S4). Next, the
fraction of each cell type was quantified in both ileum-
and colon-derived differentiated ASC organoids from
several (n = 3) donors (Figure 5B). Goblet cell marker mucin
2 and enteroendocrine cell marker chromogranin A were
detected at relatively high rates, whereas Paneth cell
marker lysozyme occurred at much lower rates. These
data indicate that while culture conditions are conducive
to the formation of goblet and enteroendocrine cells, addi-
tional pathway modulators would have to be included in
the culture media to increase the proportions of Paneth
cells. Importantly, the staining patterns and cell propor-
tions were consistent among the three donors examined,
indicating that differentiation patterns among ASC orga-
noid cultures are uniform.

Ileum- and colon-derived ASC organoids secrete
serotonin, GLP1, and PYY

The intestine is an important endocrine tissue, and gut hor-
mones play key roles in satiety, glucose homeostasis, and
nutrient absorption (Ahlman and Nilsson, 2001; Martin
et al., 2019; Worthington et al.,, 2018). However, cell-
culture systems to study gut hormone production and
secretion in vitro have not been readily available. Thus,
we quantified hormone secretion by differentiated ileum
and colon ASC organoids (day 7 post seeding, stimulated
as described in experimental procedures) derived from
three donors. As enteroendocrine cell markers were
robustly detected (Figures 2 and 5), we decided to assess
their function by measuring levels of secreted serotonin,
PYY, and GLP1. The secretion of all three hormones was de-
tected for all donors (Figure 6). Serotonin secretion was
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mean fold change

(A) qPCR was used to assess expression of IFN and TNF receptors in three donors and is displayed as a ratio of day 4, 7, or 10 to day 2 as
presented in Figure 1C. Plots are colored according to time point (darker colors are later time points) and each symbol represents a separate
sample (distinct tissue, time point, and replicate). One time course per donor was included. Each time course included three cell-culture

(technical) replicates.

(B-E) Expression of type I (B), type II (C), and type III (D) interferon and TNF (E) receptors, plotted in similar manner to Figure 2. Plots are
colored according to time point (darker colors are later time points) and each symbol represents a separate sample (distinct donor,

replicate).

consistently detected more highly in colon cultures than in
ileum cultures (Figure 6A). Compared with untreated cul-
tures, serotonin secretion increased by 1.1-fold (ileum) or
7.5-fold (colon). GLP1 secretion was robustly detected in
all cultures as well (Figure 6B). While both ileum and colon
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cultures secreted GLP1, the magnitude of secretion varied.
Ileum cultures displayed an average 7.4-fold induction over
untreated cultures while colon cultures displayed a 22.7-
fold increase. Interestingly, the basal levels of GLP1 were
lower in colon cultures than in ileum cultures. Finally,
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Figure 5. Immunofluorescence imaging
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secretion of PYY was detected in all cultures (Figure 6C).
While the basal and stimulated levels of PYY were higher
in colon than in ileum, the magnitude of induction upon
stimulation was similar (5.7-fold for both ileum and colon
cultures). This is consistent with higher colon PYY expres-
sion levels in vivo (Zhou et al., 2006). Importantly, all three
donors analyzed in this experiment behaved similarly,
suggesting that enteroendocrine cell function is consis-
tently observed in ASC organoid cultures. Taken together,
these data demonstrate that ASC organoid cultures faith-
fully recapitulate physiological conditions for hormone
secretion.

Central carbon metabolism changes during ASC
organoid differentiation

Central carbon metabolism is a complex enzyme-mediated
network that converts sugars into precursors for meta-
bolism. Targeted metabolomics analysis of the ileum- and
colon-derived ASC organoids assessed the metabolic differ-
ences of differentiated ASC organoids compared with stem-
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Chromogranin A

cells

(A) Differentiated ASC organoids (harvested
at day 7 as outlined in Figure 1) from three
donors were fixed, and markers of mature
intestinal cells were detected using confocal
microscopy. Pseudocoloring is as follows:
blue, DNA; green, lysozyme, mucin 2, or
chromogranin A; red, E-cadherin; gray,
actin. Scale bar, 20 um (applies to all
panels).

(B) Quantification of cell-type markers.
Differentiated (day 7) ileum and colon cul-
tures from three donors were stained for
lysozyme (Paneth cell marker, ileum cultures
only), mucin 2 (goblet cell marker, ileum and
colon cultures), chromogranin A (enter-
oendocrine cells, ileum and colon cultures),
and DNA. Fraction of each cell type present
was calculated by counting marker-positive
cells among hundreds of total cells (>500
cells for all samples and markers except for
lysozyme staining in donor 2 [307 cells] and
donor 3 [473 cells] cultures). Data are pre-
sented as percentage of total cells positive
for a given cell-type marker.

cell-enriched cultures. Using triple quadrupole liquid
chromatography-mass spectrometry, 108 central carbon
metabolites were profiled at three time points (2, 4, and
7 days after initial plating) for ileum- and colon-derived
ASC organoids from five and four donors, respectively.
For each tissue type, metabolite concentrations were
compared between donors at each time point. PCA results
(Figures 7A and 7B) indicated minimal metabolic donoz-to-
donor variability as donors for a particular time point
tended to cluster together. This robust clustering pattern
indicated that the metabolic state of cultures is consistent.
Clear differences in metabolism were evident between each
day, as indicated by separate clusters for each time point.
These metabolic trends were consistent in both ileum-
and colon-derived ASC organoids.

To better understand the changes in central carbon meta-
bolism during ASC organoid development, we visualized
significantly different metabolites (p < 0.05, one-way
ANOVA) by volcano plot (Figures 7C and 7D). L-citrulline,
creatine, riboflavin, and L-glutathione (oxidized) were



)
©

A __ B c __
% 10—§ %? 100—§ = B % 10000‘5 @ untreated
o ] ] 14 1 = 2 3 B stimulated
. Oj _ -
c2 - 5 4| N £ 1000y W g
53 B I >3 I
58 14 a8 104 E N ] e
3 | m 35 e PN
5 ] e ] 5 4@
s lof © E 19 o 2 10
_ ® — c 5] — ]
E o I E -
)} o )}
e0l—7T— 1—T—T £ 10-—7F——7—
ileum colon ileum colon ileum colon
tissue tissue tissue

Figure 6. Ileum- and colon-derived ASC organoids secrete serotonin, GLP1, and PYY

Secretion of serotonin (A), GLP1 (B), and PYY (C) by ileum- and colon-derived ASC organoid cultures. Cultures were stimulated overnight by
10 pM forskolin, 10 uM IBMX, and 10 mM glucose, and hormone amounts were quantified by ELISA. Cultures from three donors were
analyzed, and experiments were performed with four cell-culture (technical) replicates. Each symbolin the figure represents the average of

cell-culture replicates for each donor culture analyzed.

among the list of significantly differential metabolites be-
tween days 2 and 7. Enrichment analysis (Figures 7E and
7F) revealed that amino acid metabolism—specifically
glycine/serine/threonine pathway and arginine/proline
pathway—was affected by differentiation to mature ileum-
and colon-derived ASC organoids.

The change in abundance of several of these metabolites is
consistent with metabolism in these tissues in the human
body. For example, the relative abundance of L-citrulline
increased nearly 10-fold in ileum-derived ASC organoids
from day 2 to day 7. This result is consistent with previous
studies, which have demonstrated a role for citrulline in in-
testinal function and that absorption of citrulline occurs in
the middle to lower ileum (Fragkos and Forbes, 2018; Vadg-
ama and Evered, 1992). Riboflavin, which significantly
increased from day 2 to day 7 in both colon- and ileum-
derived ASC organoids, has previously been shown to be ab-
sorbed in the small intestine (Feder et al., 1991; Hegazy and
Schwenk, 1983). Flavin adenine dinucleotide, which is in
the same metabolic pathway as riboflavin, also increased
in both ASC organoid types. Taken together, our data sug-
gest that the metabolic profiles detected in these ASC orga-
noid cultures are consistent with what is known about their
physiological functions. Nevertheless, to more precisely
determine the ability of these ASC organoids to recapitulate
tissue metabolism, additional experiments are warranted.

DISCUSSION

The advent of three-dimensional ASC organoid models
allows for in vitro modeling of human tissue, providing a

more physiologically relevant system than traditional tis-
sue culture. One concern about these systems is the level
of variability that may be observed from culture to culture.
Here we have described the characterization of ileum and
colon ASC organoids derived from various donors. We
have demonstrated similar levels of epithelial cell differen-
tiation among donors regardless of medium used for
differentiation or passage number of the culture. Critically,
donor-to-donor variability was minimal.

The ASC organoid cultures examined here differentiate
on a time scale that matches the human gut epithelium.
Within a few days differentiation is complete, as indicated
by the overlap between gene expression signatures at days
7 and 10 (Figure 3). Importantly, only markers of entero-
cytes, goblet, Paneth, and enteroendocrine cells could be
detected (Figures 1, 2, and 5); rarer cell types such as tuft
and microfold cell markers were not detected (data not
shown). This finding is consistent with previous work
showing that differentiation toward rare cell-type lineages
requires the addition of specific cytokines (Boonekamp
et al., 2020).

Curiously, expression of Paneth cell markers was observed
in colon cultures (Figure S1). While Paneth cell marker
expression levels were higher in ileum cultures, colon cul-
ture expression was not absent. This observation could be
explained by the complex nature of marker expression.
Recent single-cell analysis publications (Parikh et al., 2019;
Smillie et al., 2019; Wang et al., 2020) have highlighted
the fact that gradients of marker expression exist in each
cell type. Additionally, Paneth-like cells have been identified
in the human colon (Wang et al., 2020), indicating that Pan-
eth cell marker expression may represent this cell type.
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Overall, Paneth cell differentiation was not very efficient in
our organoid cultures (Figures 2, S1, and 5). It is known that
both Wnt and Notch signaling pathways control Paneth cell
differentiation (Sato et al., 2011b). The differentiation media
conditions used in this study did not include Wnt and
Notch modulators, which likely explains the modest in-
crease in Paneth cell markers. While Paneth cells are
observed in low quantities (Figure 5), increased representa-
tion of this cell type would be enhanced by adding exoge-
nous Wnt agonists and Notch antagonists to the media, as
previously described (Mead et al., 2018; Yin et al., 2014).
We show that differentiation is remarkably consistent
among cultures. Appropriately, gene expression patterns
are fairly uniform at early time points (denoted by a tight
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cluster colored in yellow: Figures 3A and 3B), reflecting ho-
mogeneity of stem/proliferative cells in the intestine. As
cultures differentiate over time, gene expression patterns
become less uniform (pink and blue symbols in Figures
3A and 3B), which is indicative of expected cell-type het-
erogeneity in terminally differentiated intestinal cells.
This pattern is reminiscent of the “epigenetic landscape”
described by Waddington (Goldberg et al.,, 2007). Our
data nicely depict the widening of cell-fate trajectories as
cultures differentiate to generate functional cells.

Our gene expression analysis highlighted region-specific
expression patterns for certain transcripts. These included
Paneth cell markers LYZ, DEFAS, and DEFA6 and entero-
cyte markers CYP3A4, PGP, BCRP, SLC15A1, and SLC10A2



(Figures S1E and S1F). This pattern represents expected in-
testinal biology: Paneth cells are not typically present in
the colon (Clevers and Bevins, 2013; Gassler, 2017), and
the small intestine is the major site for transport and first-
pass metabolism (International Transporter et al., 2010;
Kato, 2008). It has been shown previously that regional
gene expression patterns are maintained in gut organoid
cultures (Middendorp et al.,, 2014). We observed that
regional gene expression patterns were largely maintained
for transcripts that displayed an ileum-colon expression
bias. However, some transcripts lost ileum-colon expres-
sion bias (transporters PGP, BCRP, and SLC15A1). These re-
sults suggest that regional expression patterns in vivo are
governed by specific factors that are absent in a neutral se-
lection condition such as the medium used to culture ASC
organoids. Factors controlling regional expression patterns
have not been defined but could include signals from the
luminal microbial community, immune cells in lamina
propria, or other to-be-defined signals originating from
serosal sources.

Large variability in primary culture systems could lead to
uninterpretable results. This requires meticulous quantifi-
cation of various sources of variability, leading to an under-
standing of noise in the experimental system. We found
that among several variables—donors, differentiation me-
dia used, passages, and cell-culture replicates—variability
was manageable (Figure 3). This information indicates
that cultures behave similarly during the differentiation
process and over multiple passages, thereby enabling
robust experimental design.

Given that hormone production and secretion is a crit-
ical function of the human intestine, we investigated endo-
crine cell function in ASC organoids. The gut is often
referred to as the largest endocrine tissue in the human
body (Ahlman and Nilsson, 2001), producing many hor-
mones that regulate a range of metabolic functions in the
intestine and throughout the body. The ASC organoid cul-
tures examined for this work effectively produced and
secreted GLP-1 and PYY (Figure 6), which work in concert
with pancreatic hormones to regulate blood glucose levels
(Gribble and Reimann, 2019; Worthington et al., 2018).
Additionally, we showed that ASC organoid cultures pro-
duced and secreted serotonin (Figure 6). Serotonin plays
important roles in the intestine by regulating peristalsis,
vasodilation, and pain perception (Mawe and Hoffman,
2013; Spohn and Mawe, 2017). In addition to regulating
metabolic and intestinal functions, these hormones have
been implicated in various diseases. For example, GLP-1,
PYY, and serotonin levels change during inflammatory
bowel disease, and serotonin is thought to act as a proin-
flammatory molecule in celiac disease (Worthington
et al., 2018). Furthermore, recent work has uncovered a
novel mechanism through which intestinal microbes

induce serotonin secretion (Sugisawa et al., 2020). Intesti-
nal ASC organoids provide a robust ex vivo platform to
identify modulators of endocrine cell function. These mod-
ulators will be important for studying disease processes as
well as basic intestinal function.

We observed differential production of central carbon
metabolites at various time points of culture differentia-
tion. As the cultures differentiated, there was an increase
in L-citrulline, creatine, and riboflavin. This represents
the metabolites being utilized by the cells present in this
heterogeneous population. While this targeted approach
yields interesting reproducible information about central
carbon metabolism, future studies could take an untargeted
approach to find out whether additional metabolites can be
detected in a reproducible manner. The results could indi-
cate the ratio of a particular cell population or unique meta-
bolic pathways that play important roles in the intestine.

In this work, we have characterized variability in primary
human intestinal ASC organoids and have demonstrated
that donor-to-donor variation is minimal. Additionally,
we have shown that the cell-culture system recapitulates
key features of the originating tissue. Identifying and char-
acterizing the cell state for primary cell cultures is impor-
tant for developing robust applications. Without thorough
characterization, assay results will be difficult to interpret.
Brought together, thorough characterization of cell state
and functional cell information lead to successful applica-
tion of this primary cell platform to ask fundamental bio-
logical questions and to advance therapeutic discovery.

EXPERIMENTAL PROCEDURES

For complete details, see supplemental experimental procedures.

ASC organoid culture growth and differentiation

Intestinal organoid cultures were established as previously described
(Miyoshi and Stappenbeck, 2013; Sato et al., 2011a). Cultures were
maintained in proliferation medium (50% L-WRN conditioned
medium + Y27632 + SB431542) for routine passaging. To induce dif-
ferentiation, we changed the culture medium to either a serum-con-
taining medium (5% L-WRN conditioned medium with no Y27632
or SB431542) or a defined medium (base medium containing EGF,
Noggin, and R-spondin) 3 days after organoids were plated.

Transcriptional and immunofluorescence microscopy
analysis

At indicated time points, cells were harvested for RNA purification
and gPCR analysis. For immunofluorescence analysis, organoids
were removed from Matrigel using cell-recovery solution (Corn-
ing) and fixed using 4% paraformaldehyde. After permeabilization
and blocking, organoids were incubated overnight in antibodies
targeting differentiated cell markers, followed by secondary anti-
body staining. Stained organoids were mounted onto slides and
imaged using confocal microscopy.
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Principal component and correlation analysis

PCA was carried out using R. The results were visualized
using GraphPad Prism. Pearson correlation analysis was per-
formed using R, including only samples from the day-7 time
point. The correlation matrix was visualized using GraphPad
Prism.

Hormone secretion assay

Hormone secretion was induced in differentiated organoids
(7 days post plating). In brief, secretion was induced by
adding forskolin, 3-isobutylmethylxanthine (IBMX), and
glucose to culture medium and analyzing supernatants after
overnight incubation using kits to detect secreted PYY, GLP1,
and serotonin.

Metabolomics analysis

Metabolites in organoids cultured for 2, 4, or 7 days were analyzed
by mass spectrometry. Organoids were removed from Matrigel
using Cell Recovery Solution (Corning) and extracted with
acetonitrile/methanol/water. After homogenization, organoids
were extracted for 10 min at —20°C and centrifuged. Supernatants
were dried under nitrogen and dissolved in water/methanol for
mass spectrometry analysis.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2021.07.016.
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