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ABSTRACT

Enteroendocrine cells (EECs) are a minor cell population in the
intestine yet they play a major role in digestion, satiety and nutrient
homeostasis. Recently developed human intestinal organoid models
include EECs, but their rarity makes it difficult to study their formation
and function. Here, we used the EEC-inducing property of the
transcription factor NEUROG3 in human pluripotent stem cell-derived
human intestinal organoids and colonic organoids to promote EEC
development in vitro. An 8-h pulse of NEUROG3 expression induced
expression of known target transcription factors and after 7 days
organoids contained up to 25% EECs in the epithelium. EECs
expressed a broad array of human hormones at the mRNA and/or
protein level, including motilin, somatostatin, neurotensin, secretin,
substance P, serotonin, vasoactive intestinal peptide, oxyntomodulin,
GLP-1and INSL5. EECs secreted several hormones including gastric
inhibitory polypeptide (GIP), ghrelin, GLP-1 and oxyntomodulin.
Injection of glucose into the lumen of organoids caused an increase
in both GIP secretion and K-cell number. Lastly, we observed
formation of all known small intestinal EEC subtypes following
transplantation and growth of human intestinal organoids in mice.

KEY WORDS: Stem cell, Organoids, Neurogenin 3, Incretin, Satiety,
Hormones

INTRODUCTION
Enteroendocrine cells (EECs) occupy approximately 1% of the total
epithelium in the intestine but secrete upwards of 15 different types
of hormones and collectively make up the largest endocrine organ
in the body. These hormones have a variety of roles that affect
metabolism, the digestive process, satiety, hunger, and glucose
homeostasis, among others. EECs express specific receptors that
sense luminal nutrients, and in response, secrete peptides that
serve paracrine, endocrine and neural functions within the body
(Moran-Ramos et al., 2012).

The epithelium of the human intestine turns over approximately
once every 5-7 days. All new epithelial cells derive from intestinal
stem cells located at the base of the crypt. The differentiation of stem
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cells into secretory cells, including EECs, goblet cells and Paneth
cells requires Notch inhibition and the subsequent expression of
ATOHI1 (Jensen et al., 2000; Shroyer et al., 2007; Yang et al., 2001).
The specification of EECs requires an additional factor, the basic
helix-loop-helix transcription factor neurogenin 3 (NEUROG3),
which is required and sufficient for EEC differentiation in both mice
and humans (Gradwohl et al., 2000; Jenny et al., 2002; Lopez-Diaz
et al., 2007; McGrath et al., 2015).

Though a few transcription factors (TFs) downstream of
NEUROG3 have been implicated in EEC differentiation, the
precise signaling mechanisms governing the differentiation of
specific hormonal subtypes of EECs remains unclear. One of the
direct targets of NEUROG3 is NEUROD1, and although expression
of NEURODI has been found in most EEC subtypes, it is only
required for differentiation of cholecystokinin (CCK)" and secretin™
cells (Rindi et al., 1999). The TFs ARX, PDX1, NKX2-2, PAX4
and PAX6 have been shown to be involved in formation of multiple
proximal and distal EEC subtypes (Beucher et al., 2012; Chen et al.,
2009; Desai et al., 2008; Larsson et al., 1998). Additionally, there
are several reports suggesting that EECs transcribe and secrete
multiple hormones (Egerod et al., 2012; Sykaras et al., 2014).
Whether these multi-hormonal EECs represent a differentiating or
mature cell is currently unknown. In addition, owing to their high
sensitivity to nutrients, alterations in diet composition can
drastically affect the differentiation and function of these cells
(Richards et al., 2016).

The main functions of EECs are to sense changes in luminal
nutrients, secrete hormone and subsequently elicit a metabolic
reaction. Hormones such as ghrelin are known to induce the hunger
response and are upregulated in times of fasting. In contrast, GIP
and GLP-1 have important roles in stimulation of pancreatic
hormones (termed the incretin effect) and spike soon after a meal.
Moreover, other hormones regulate the motility of the gut
(motilin), promote pancreas enzyme secretion (CCK) and control
the rate of gastric emptying (PYY) (reviewed by Posovszky and
Wabitsch, 2015). As a whole, gastrointestinal hormone regulation
is an intricately balanced process in which regional identity of
the EEC (Table S1) and diet composition both influence
secretion (Engelstoft et al., 2013). EECs subtypes are reactive to
different macronutrients (Posovszky and Wabitsch, 2015), and the
composition of a long-term diet not only influences the transcription
of hormone within EECs, but also the number of specific EEC
subtypes within the intestine (Ritze et al., 2015). Given the central
role EECs play in regulating nutrient homeostasis, it is not
surprising that misregulation of EEC hormones, including GLP-1,
ghrelin and PYY, is associated with metabolic diseases such as
obesity and type 2 diabetes (Ochner et al., 2010).

EEC formation and function has largely been studied in mice, and
the molecular pathways that regulate EEC are believed to be
conserved in humans. For example, the function of the TF Arx was
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compared side-by-side in mice and human intestinal organoids
(HIOs) and found to have very similar functions in specifying
EEC subtypes (Du et al., 2012). There are, however, significant
differences between mouse and humans. For example, the hormone
motilin is present in humans but absent in mice (Sangeret al., 2011).
There are in vitro systems available to study human EECs, including
transformed cell lines (Cao et al., 2003; Drucker et al., 1994; Le
Nevé and Daniel, 2011; McLaughlin et al., 1998) and intestinal
organoids derived either from human surgical samples of intestine
(Mahe et al., 2015; Sato et al., 2011; Basak et al., 2017) or through
the directed differentiation of pluripotent stem cells (PSCs) in vitro
(Spence et al., 2011). For PSC-derived organoids, induced
expression of exogenous NEUROG3 in organoids (McCracken
et al., 2014; Munera et al., 2017) resulted in increased number of
EECs. However, the diversity and functionality of induced EECs
was not determined.

Here, we utilized a NEUROG3-inducible approach in PSC-
derived HIOs to (1) establish optimal conditions for the increased
differentiation of EECs, (2) characterize the timing, formation
and differentiation of specific EEC subtypes, and (3) assess the
functionality of EECs by hormone secretion and nutrient
responsiveness. Furthermore, we found that transplantation of
HIOs into immune-compromised mice allowed maturation of the
epithelium (Watson et al., 2014) and formation of all EEC subtypes.
The ability to generate functional human intestinal EECs in vitro
without the need of surgically derived human tissues represents a
tractable new platform to study factors and drugs that can control
EEC formation and function.

RESULTS

Because human EECs are exceedingly rare, it is often difficult to
study their development and function. We therefore utilized human
embryonic stem cell (hESC) and induced pluripotent stem cell
(iPSC) lines in which we could induce expression of the pro-
endocrine TF NEUROGS3 by the addition of doxycycline to the
culture media (McCracken et al., 2014). We then differentiated the
NEUROG3-PSC lines into HIOs as previously described (Spence
etal., 2011; Watson et al., 2014) (Fig. 1A) and at 34 days confirmed
them to be completely composed of intestinal tissue by expression
of CDX2. Moreover, analysis of ten separate experiments revealed
that most of the epithelium was proximal small intestine as marked
by PDX1 and CDX2. Although we could have used HIOs that were
more uniformly composed of proximal small intestine cell types
(CDX2*/PDX1") by inhibition of BMP signaling with noggin
(Munera et al., 2017), we have observed that noggin also decreases
EEC differentiation in HIO cultures (Munera et al., 2017). We
therefore used ‘unpatterned” HIOs (cultured in epidermal growth
factor alone), which contain a mix of CDX2*/PDX1" and CDX2"*/
PDX1~ epithelium.

We then identified the optimal time and doxycycline dosage for
production of EECs. All concentrations of doxycycline led to an
increase in EECs, as measured by the endocrine marker
chromogranin A (CHGA) and expression of two hormone
markers, ghrelin and GIP (Fig. 1B). However, we found that an 8-
h pulse of 0.5 ug/ml of doxycycline resulted in optimal production
of EECs without causing the off-target effect of EEC delamination
away from the epithelium (Fig. 1C) as previously described in the
endocrine pancreas (Gouzi et al., 2011; Grapin-Botton et al., 2001).
Analysis of 20-, 34- and 62-day-old HIOs determined that day 34
HIOs were competent to form hormone-positive cells in response to
NEUROGS3 expression (Fig. S1). At day 34, we began to observe
EEC formation in uninduced HIOs, which suggests that formation

of endogenous EECs normally begins at this stage of HIO
development (Spence et al., 2011; data not shown).

The intestinal epithelium, including EECs, is believed to turn
over every 5-7 days in mice (reviewed by Noah et al., 2011).
Beyond that, little is known about the kinetics of EEC
differentiation either during development or postnatally. We used
the dox-inducible system to study the timing of EEC differentiation
after an 8-h pulse of NEUROG3 expression in day 34 HIOs and
analyzed EEC differentiation at 24 h, 3 days, 5 days and 7 days after
induction (Fig. 2A). We saw no increase in EECs at 24 h. However,
at 3 and 5 days post-induction we observed that 11-13% of cells
were EECs and at 7 days up to 23% of cells were EECs as marked by
CHGA or synaptophysin (SYP) protein expression (Fig. 2). This
observation suggests that the lifespan of EECs in HIOs is at least
7 days. NEUROG3-induced HIOs cultured longer than 7 days
appeared necrotic (data not shown). In addition, whole-mount
immunofluorescence staining indicated that the most robust EEC
induction extended away from the core of the HIO epithelium
(Fig. 2C). This highlighted either a differential responsiveness in the
HIO epithelium or limitations to doxycycline accessibility.

Several TFs that are known to act downstream of NEUROG3
have been identified in the developing mouse pancreas (reviewed by
Pan and Wright, 2011). Less is known about whether these factors
are also NEUROG3 targets in the mouse intestine and it is not
known whether this is the case in the human intestine. We sought to
determine whether these TFs were upregulated in response to
induced NEUROG3 expression and identified two patterns of
expression: early upregulated TFs and those that were upregulated at
later time points (Fig. 3A, Fig. S2A). TF-encoding genes that were
highly upregulated within 24 h included NKX2-2, PAX4 and RFX6,
all of which are direct NEUROGS3 targets (Smith et al., 2003, 2004,
2010; Watada et al., 2003). PAX6 and ARX peaked 3 days after
NEUROGS3 induction and NEUROD1, which is also a direct target
of NEUROGS3 in the pancreas (Huang et al., 2000), did not peak
until 5 days post-induction. The fact that some NEUROG3 targets,
such as NEUROD1, had slow kinetics of induction could be due to
differences in expression of transcriptional co-factors between
pancreatic and intestinal endocrine cells, or differences in the
epigenetic state of the NEURODI gene. As expected from the
immunofluorescence data, the EEC differentiation markers CHGA
and SYP increased in expression over time and were most abundant
in day 7 HIOs. Despite the fact that this NEUROG3-inducible
system is non-physiological, induced NEUROG3 expression in
HIOs results in expression of similar TFs as in the pancreas.

There are over 12 different subtypes of EECs that are distributed
along the intestinal tract that all originate from a NEUROG3"*
progenitor (Table S1). It is not known how these different lineages
are allocated, in part owing to the lack of a tractable model system.
We therefore investigated the diversity of EEC subtypes that could
be generated in response to NEUROG3 expression and their
functionality within human intestinal epithelium. Analysis of HIOs
7 days after the 8-h pulse of NEUROG3 expression revealed an
induction of ghrelin, GIP, motilin, neurotensin, secretin,
somatostatin, substance P, serotonin and VIP transcript expression
(Fig. 3B, Fig. S2B). We also observed glucagon expression but it
was variable and often did not reach statistical significance above
control HIOs that were uninduced. Many of these hormones, such as
ghrelin and motilin, are highly enriched within the proximal
duodenum, supporting the conclusion that HIOs are proximal in
nature. In contrast, we have previously shown that distal/colonic
organoids in which we express NEUROG?3 produced distal-specific
subtypes, such as PYY- and INSL5-expressing cells (Munera et al.,

2

DEVELOPMENT


http://dev.biologists.org/lookup/doi/10.1242/dev.165795.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.165795.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.165795.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.165795.supplemental

Development (2018) 145, dev165795. doi:10.1242/dev.165795

A

Doxycycline

3d Activin 4d FGFICHIR Exposure

— ——
==

Pluripotent Stem Cells Definitive Endoderm

Hindgut Endoderm
Spheroid Formation

Spheroids in Matrigel Small

Intestine

Day 34

DAY 34 HIO

PEVLY Day 6

Doxycycline Dose Response

0.125 ug/mL 0.25 ug/mL 0.5 ug/mL 1.0 ug/mL 2.0 ug/mL

CHGA/

Doxycycline Dosage Experiment

_ Doxycycline Dosage Experiment
CHGA Gene Expression

GIP Gene Expression

Doxycycline Dosage Experiment
Ghrelin Gene Expression

£ 350 1
2 ns 5 180 ns § 1600
2 s e k]
g 300 * % 160 - ¥ % 1400
] =
g 250 * 510 ; £ 1200 "
s

$ 200 % g 120 * * & 1000
- * & 100 £ =00
s £ 600
5 100 ¥ £ 60 . z * I I
= S 40 - 1 5 400 T
& 50 - —i— - S el - - 3

K 20 L } 4 200

0 - || b L L || 0 S | il ol o [ - [ || [
¢l 0125 025 05 1 2 cl 0125 025 05 1 2 -

0.125 0.25 0.5

Concentration of Doxycycline ug/mL Concentration of Doxycycline ug/mL Concentration of Doxycycline ug/mL

Fig. 1. Establishing an inducible neurogenin 3 overexpression system in HIOs to generate EECs. (A) We utilized an inducible NEUROG3 construct, which
has previously been reported, within PSC lines throughout this study. The construct allows doxycycline-regulated expression of human NEUROGS3. Using a
previously published protocol, PSCs were differentiated into definitive endoderm using 3 days of activin A, then posteriorized into hindgut intestinal spheroids by
manipulation of FGF and WNT signaling. Intestinal spheroids were then plated in a 3D matrix of Matrigel. At 34 days, HIOs robustly expressed the pan-intestinal
marker CDX2 and contained regions that expressed the proximal intestinal marker PDX1. (B) Day 34 HIOs were given a 24-h pulse of doxycycline at increasing
concentrations to determine optimal response in HIOs. HIOs were collected and analyzed by immunofluorescence and qPCR 7 days after doxycycline induction.
Treatment with 0.5 pg/ml doxycycline resulted in expression of the endocrine marker CHGA as well as the hormone markers GHRL and GIP (n=3; mean ts.e.m.).
*P<0.05 (compared with control; Student’s t-test). (C) Day 34 HIOs were exposed to 0.5 ug/ml doxycycline for varying amounts of time to assess optimal length
of exposure within HIO cultures. HIOs were collected and analyzed 3 days after doxycycline induction. An 8-h pulse of 0.5 ug/ml doxycycline allows efficient
induction of CHGA™* cells without causing aberrant EECs within the mesenchymal compartment (12 HR, arrows). ECAD, E-cadherin (cadherin 1). Scale bars:
50 ym. See also Fig. S1.

2017). Surprisingly, we noted that one prominent proximal
hormone, CCK, was not upregulated in our in vitro system,
whereas other rare hormones, including motilin, were present in
HIOs but are not found in rodent models (He et al., 2010).

We next used this model system to study the kinetics of
development of specific subtypes of EECs, focusing on X/A cells,

which co-express ghrelin and motilin, and K cells, which produce
GIP. Ghrelin is most commonly associated with the hunger
response, whereas GIP is an incretin hormone known to potentiate
insulin secretion. The kinetics of EEC formation were different
between these cell types with ghrelin and motilin mRNA first
appearing after 3 days following EEC specification, and GIP

3


http://dev.biologists.org/lookup/doi/10.1242/dev.165795.supplemental

HUMAN DEVELOPMENT

Development (2018) 145, dev165795. doi:10.1242/dev.165795

Spheroids in Matrigel

Day 6

B

CHGAI

7 day Ctl

7 day post dox

Fig. 2. EEC numbers in NEUROG3-induced HIOs increase over time. (A) Outline of the time-course experiment after NEUROG3 induction. Day 34 HIOs
were induced with 0.5 pg/ml doxycycline for 8 h and collected at increasing lengths of time after exposure. (B) Immunofluorescence of EECs induced in HIOs.
The endocrine markers CHGA and SYP label EECs. (C) Whole-mount imaging of control and doxycycline-treated HIOs reveal CHGA™ cells within distinct
areas of the HIO by 7 days after doxycycline treatment. (D) Quantification of EECs within pooled HIOs after doxycycline treatment. Although increasing numbers
of EECs were seen as early as 3 days after NEUROGS3 induction, the greatest increase was observed 7 days after doxycycline treatment. Pooled HIOs from
three different experiments were quantified. Scale bars: 50 um (B); 100 ym (C).

mRNA first appearing at 5 days (Fig. 4A). In addition, we noted that It has been shown that single EECs that express one or two
other subtypes, such as neurotensin-expressing cells, were also hormone proteins can express the mRNA for up to six different
upregulated early, whereas the hormones somatostatin and serotonin ~ hormones (Egerod et al., 2012). Moreover, the normal proportion
(TPHI) followed the same later expression pattern as GIP  of hormone-expressing EEC subtypes varies based on the region

(Fig. S2B).

Although qPCR data indicated that we were generating a variety = We therefore used immunofluorescence staining to determine
of EEC subtypes, we also understood from previous studies that whether mRNA levels correlated with cellular protein in this
mRNA expression does not necessarily correlate with hormone induced system. Ghrelin® cells increased in accordance with
protein expression (Beucher et al., 2012; Mortensen et al., 2003). mRNA levels (Fig. 4B), as did neurotensin and somatostatin
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Fig. 3. Patterns of hormone and TF expression in NEUROG3-induced HIOs. (A) Expression of TFs and vesicle markers known to influence EEC
differentiation and subtype specification. As shown, some genes are expressed early and go on to decrease in expression as EECs presumably mature (left)
whereas others come up primarily at 3 days after the doxycycline pulse and remain present at the 7-day time point (right). (B) gqPCR expression of intestinal
EEC hormones 7 days after NEUROG3 induction. Most proximal and pan-intestinal hormones are transcribed most highly at 7 days after a pulse of doxycycline.
TPH1 encodes the enzyme catalyzing the production of serotonin. *P<0.05 (compared with uninduced control HIOs; Student’s t-test; n=3 for each time point;

meanzts.e.m.). See also Fig. S2.

(Fig. S3). However, despite robust induction of GIP mRNA
between 5 and 7 days, GIP" cells were not abundant at days 5 and
7 (Fig. 4B). This suggested that, as in vivo, expressed mRNA does
not always get translated into protein.

The hallmark feature of a mature EEC is the ability to secrete
hormones. We therefore measured the basal secretion of hormones
in the media of NEUROG3-induced HIOs at 3, 5 and 7 days by
ELISA. Much like the gPCR and protein data, hormone secretion of
oxyntomodulin and un-acylated ghrelin (UAG) was detected as
early as day 3 (Fig. 4C). Despite the relative rarity of GIP* cells, we
detected both total (Fig. 4C) and active (Fig. S4A) GIP at day
7. These data further indicated that different hormonal populations
of human EECs form, differentiate, and functionally mature at
different rates within our system. Although we did detect some
GLP-1 secreted in culture media (Fig. S4B), we predicted that L-cell
numbers in HIOs might be low, as they are in the proximal small
intestine. In contrast, L-cells are found in higher numbers in the
colon. Therefore, we generated human colonic organoids (HCOs)
by distalizing organoids with a 3-day pulse of BMP2 between days
6 and 9 during the differentiation as described (Munera et al., 2017),
and inducing NEUROG3 at day 34. As predicted, we found that
HCOs allowed for robust expression of the distal EEC hormones

INSLS5 and GLP-1 (Fig. 4D), as well as a trend of increased active
secretion of GLP-1 at 7 days post doxycycline (Fig. 4E). We have
also identified that 3 days of hypoxic growth during BMP2
induction (days 6-9) results in more efficient patterning and
growth of HCOs. HCOs generated in this way produced
significantly more GLP1 relative to uninduced controls (Fig. 4E).
This study highlighted the reproducibility and feasibility of the
system in patterned organoids as well as increasing our
understanding of the functionality of EECs.

EECs are highly responsive to nutrients, and dietary changes
have been shown to impact the differentiation of certain EEC cell
types (Gniuli et al., 2010). Secretion of some hormones such as the
incretin GIP is stimulated by nutrients. In contrast, other
hormones, such as those that regulate satiety like ghrelin, are
reduced in response to increased nutrients. To expose HIOs to
luminal nutrients, we developed a system to microinject nutrients
into the lumen of the HIOs (Fig. 5A, Fig. S5A). We first
investigated whether exposure to luminal nutrients could promote
EEC formation by injecting 15 nl nutrient-rich gut media, which
contained serum, glucose and non-essential amino acids, into day
34 HIOs. Immediately following injection, we induced EEC
specification with NEUROG3 and after 7 days observed a nutrient-
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(arrows). (C) The timing of secretion of hormones from EECs followed a similar trend, in which increased ghrelin and oxyntomodulin secretion can be detected in
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Scale bars: 50 ym (B); 100 um (D). See also Figs S3 and S4.
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stimulated increase in GIP transcription and the number of GIP-
expressing cells, suggesting that HIOs are responsive to luminal
nutrients (Fig. S5).

Specific nutrients are known to regulate production of EECs and
secretion of hormones. For example, K cells secrete GIP in
response to luminal sugars and fatty acids (Moran-Ramos et al.,
2012). We therefore determined whether induced EECs that were
allowed to differentiate for 7 days would secrete GIP in response to
luminal glucose. We grew organoids overnight in low-glucose
medium, then microinjected organoids with 20 nl of either PBS or
20% D-glucose (Fig. SA). Twenty-four hours later, we detected an
increase in secreted GIP in the organoids injected with glucose
compared with those injected with saline, as well as a significant
increase in GIP" cell numbers (Fig. 5B). Interestingly, luminal
exposure to glucose resulted in significant reduction of ghrelin
mRNA and ghrelin® cells compared with a PBS control (Fig. 5C),
and the secreted hormone was below the detectable limits of the
ELISA (50 pg/ml). Ghrelin is a satiety factor and ghrelin levels are
known to decrease after ingestion of food (Steinert et al., 2017),
and in response to oral glucose (Outeirifio-Blanco et al., 2011,
Prodam et al., 2014). In addition, we noted a small increase in
GLP-1 expression and cell number within the injected HIOs
(Fig. 5D). Taken together, these data demonstrate that human

EECs in this system are functional and respond to nutrients in the
expected manner.

Although the inducible HIO system is tractable and rapid,
certain cell types, such as CCK-expressing cells, did not form
in vitro. This suggested that formation of CCK-expressing cells
may occur later in development or require factors that were
missing in vitro. To overcome the limitations of the in vitro
system and to assess the potential for the epithelium to produce
a wider variety of hormone-producing cells, we used a
transplantation method developed previously (Watson et al.,
2014) that allows for extended growth and maturation of HIOs in
vivo. Day 34 HIOs were transplanted under the kidney capsule of
NSG mice and allowed to grow for up to 10 weeks in the mouse,
at which time mice were given doxycycline chow for 24 h to
induce expression of NEUROG3 (Fig. 6A). Transplanted HIOs
were collected 7 days later and analyzed. The epithelium of HIOs
had undergone extensive maturation (Fig. 6B), as previously
reported. Whereas induced HIOs in vitro lacked certain EEC
subtypes, transplanted HIOs formed all known EEC subtypes of
the proximal intestine (Fig. 6C), including CCK-expressing cells
and a lesser understood EEC subtype expressing the hormone
neuromedin U (NMU). Taken together, NEUROG3 inducible
organoids represent a highly robust system in which to study a
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(C) Immunofluorescence analysis of intestinal EEC subtypes that develop in transplanted HIOs. NEUROG3 HIOs are competent to give rise to all EEC subtypes

in the proximal small intestine. Scale bars: 25 pm (C); 200 um (B).

wide variety of EEC hormone subtypes, their development and
their function.

DISCUSSION

In this study, we developed and optimized an experimental system
that is capable of generating vast amounts of EECs in the HIO
model for the study of gastrointestinal hormone development and
function. We identified specific timing and dosage requirements
using the doxycycline-inducible system, which allowed us to
control timing of EEC differentiation, expand numbers of EECs,
and study factors associated with their maturation and function. The
HIO system has the additional feature of allowing human intestinal
developmentto be studied and we showed that certain hormones not
present in mouse, such as motilin, were generated and can be studied
in an unprecedented context in this system. Although transformed
human endocrine cell lines have been utilized for studying
functional aspects of EEC biology, our study is the first to utilize
a 3D culture system that more readily mimics the normal intestinal
epithelium. As the hormonal products of EECs exert their effects on

neighboring epithelial and non-epithelial cell types, this HIO system
provides a platform for studying paracrine interactions. This system
is of great interest to the translational community in that it could be
an invaluable tool for studying potential drug therapeutics for
metabolic diseases such as diabetes and obesity.

Using the inducible NEUROG3 HIO system, we found that
timing, dosage and maturation after NEUROG3 expression were all
factors that influence the development of EECs. Our data correlate
with many other studies, which highlight a transient need for
NEUROG3 in specification of all EECs in the human intestine. The
pulse of NEUROG?3 expression led to the activation of a cascade of
TFs known to influence the differentiation of subtypes of EECs as
well as affect their maturation. As expected, direct targets of
NEUROG3, such as PAX4 and NKX2-2, were upregulated 24 h after
doxycycline exposure (Smith et al., 2003, 2004) and decreased
expression as time went on. In contrast, certain vesicle markers,
such as CHGA and SYP, were upregulated later, but maintained
consistent expression. This inducible system provides a framework
for a thorough examination of the TF networks involved in the
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differentiation of various hormone-expressing EECs from a
common NEUROG3™ progenitor, a process that remains poorly
understood.

We noted during our studies that individual subtypes of EECs
developed and matured at independent rates. We consistently found
that transcription and differentiation of ghrelin® cells occurred
sooner after NEUROG3 induction than that of other subtypes such
as GIP™ cells. This observation also correlated with basal secretion
of hormone; secreted UAG could be detected at 3 days after
NEUROGS3 induction, and GIP at 7 days. This observation could be
a fundamental difference in the differentiation and maturation of
EEC subtypes. Another possibility that remains uninvestigated is
that EECs subtypes may turn over at different rates.

Despite generation of small intestinal HIOs, with the capacity to
give rise to upwards of ten hormone-producing EECs, we did not
observe all of these EEC subtypes in vitro. For example, we were
never able to detect cells expressing CCK in vitro. It has been shown
that in vitro HIOs have low GATA4 expression (Spence et al., 2011)
and GATA4 intestinal knockout mice have decreased CCK
(Kohlnhofer et al., 2016), possibly accounting for the lack of
CCK within our NEUROG3 inducible system. Conversely, when
HIOs are transplanted in vivo, the small intestinal epithelium
matures to increase expression of GATA4 (Munera et al., 2017). It is
additionally possible that CCK™ cells take longer than 1 week to
develop; however, owing to the necrotic nature of HIOs after 7 days,
we could not fully examine this possibility. It is also possible that
our in vitro culture system may be lacking in some external cue that
ultimately gives rise to other subtypes we do not see in HIOs or that
the HIOs are simply too immature at the time of induction to give
rise to such subtypes. Both of these pitfalls were alleviated when we
transplanted HIOs into mice (Watson et al., 2014). We found that
maturation and growth of HIOs under the kidney capsule led to
increased diversity in hormone subtypes within the organoid. Most
notably, we were able to identify CCK" cells present within the
epithelium of transplanted HIOs. These data indicated that the HIO
epithelium has the potential to give rise to all subtypes, but
limitations in vitro halt the differentiation of certain EECs. Although
beyond the scope of this study, using microfluidics to enhance the
maturation of the intestinal epithelium would be a valuable tool to
answer these questions. In addition, we note that an enteric nervous
system and blood circulation are missing in this system. Although
not well studied in the intestine, the enteric nervous system helps
regulate pancreatic endocrine mass (Nekrep et al., 2008), suggesting
that these components missing from this in vitro HIO culture system
may play a key role in EEC differentiation.

EECs generated in vitro were capable of sensing and responding
to luminal nutrient challenges. We tested this in two ways. First,
we injected nutrient-rich gut media into the lumen, which resulted
in an increase in GIP gene expression and GIP™ cell number. This
has been noted in other systems (Martinez-Rodriguez and Gil,
2012; Koletzko et al., 2013), but had not been shown in humans.
Second, induced EECs were functionally competent to respond to
luminal glucose, resulting in stimulated GIP secretion analogous
to the incretin response observed in vivo. In addition, luminal
glucose caused a decrease in ghrelin production, suggesting that
HIOs are mounting a satiety response as observed in vivo (Moran-
Ramos et al., 2012; Outeirifio-Blanco et al., 2011). The ability of
HIOs to mount an incretin and satiety response suggests that this
new model system could be used to study the effects of nutrients,
metabolites and microbiome components, and for screening small
molecules for EEC modulatory effects designed to treat obesity
and diabetes.

MATERIALS AND METHODS

Generation and maintenance of neurogenin 3-inducible

PSC lines

The doxycycline-inducible neurogenin 3 construct and H1 stem cell line
have been previously reported (McCracken et al., 2014; Munera et al.,
2017). We additionally generated the doxycycline-inducible PSC lines 72.3
and 263.10 using the same methods. The construct introduced into the PSC
lines contained neomycin selection, and stem cell cultures were maintained
on G418 (200 pg/ml) to ensure the construct was active within all cells.
ESCs and iPSCs were maintained in mTesR1 media (Stem Cell
Technologies) as feeder-free colonies plated on ESC quality Matrigel (BD
Biosciences) and split every 4 days using dispase (Invitrogen).

NEUROG3-inducible HIO generation

HIOs were generated using previously published protocols (Spence et al.,
2011; Watson et al., 2014). The only modification was the addition of 5 ng/
ml of BMP4 on day 1 of activin A treatment, in order to decrease neural
contamination in PSC cultures. Spheriods were collected and plated in a 3D
matrix of Matrigel (BD Biosciences). Organoids were split once every
2 weeks and embedded in a fresh drop of Matrigel. HIOs were fed every
3 days with standard gut media as previously reported.

As shown, optimal 8-h doxycycline exposure to induce NEUROG3
(0.5 pg/ml) was conducted at 34 days. HIOs were collected at 24 h, 3 days,
5 days and 7 days after NEUROG3 induction. Unless otherwise specified as
pooled samples, replicates were carried out using individual HIOs.

Tissue processing, immunofluorescence and imaging

HIOs were washed with cold 1x PBS. Tissue was fixed in 4%
paraformaldehyde overnight at 4°C and then washed three times with 1x
PBS. Tissue was then placed in 30% sucrose overnight at 4°C. Samples were
washed briefly with 1x PBS, embedded using O.C.T. Compound (Tissue-
Tek), and frozen. Whole tissue blocks were serially sectioned at 8 um.

A full list of antibodies can be found in Table S2. Slides were rehydrated
in 1x PBS and then put in blocking buffer (10% normal donkey serum and
0.5% Triton X-100 in 1x PBS) for 1 h. Primary antibodies were diluted in
blocking buffer and incubated overnight at 4°C. Slides were washed three
times in 1x PBS. Secondary antibodies were diluted in blocking buffer and
applied to the slides for 1h at room temperature. For total EEC
quantification, slides were stained with both CHGA and SYP antibodies,
as it has been shown that CHGA, although used commonly as an endocrine
marker, does not encompass all EECs (Engelstoft et al., 2015; Fothergill
et al., 2017). Fluoromount-G (SouthernBiotech) was applied to slides and
they were cover slipped. Tissue was imaged using a Nikon Al inverted
confocal microscope. Image analysis and quantification was performed
using Nikon Elements and Imaris (Bitplane) software. Organoids from three
separate experiments were pooled and were serial sectioned en masse. Nine
serial sections from each condition were imaged and 192 images from all
conditions were quantified. An average of 15,700 cells in each condition
were analyzed to generate the percentage of induced EECs.

qPCR analysis

RNA was isolated from tissue samples using an RNAqueous-Micro Total
RNA Isolation Kit (Life Technologies). cDNA was made using SuperScript
Vilo ¢cDNA synthesis kit (Invitrogen) and qPCR was performed using a
predesigned TagMan Array 96-well fast plate (Thermo Fisher Scientific;
https:/www.thermofisher.com/us/en/home/life-science/pcr/real-time-pcr/
real-time-pcr-assays/tagman-gene-expression/real-time-pcr-tagman-arrays.
htm]?SID=fr-tagmanarray-1). Additional in-house primers also used in
experiments can be found in Table S3. Statistical analysis was performed
using Student’s #-test. All hormones and transcripts were normalized to the
uninduced control HIO samples and are represented on a linear scale.

Secretion and injection studies

Injection then differentiation

Day 34 HIOs were given 3x5 nl microinjections of standard gut media and
then exposed to doxycycline for 8 h to induce NEUROG3 expression and
specification of EECs. To ensure confirm successful injection, a GFP dye
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was injected. HIOs were collected for qPCR and histology analysis 7 days
after NEUROG3 induction.

Secretion

Media from individual wells was collected at 3 days, 5 days and 7 days post-
doxycycline induction to assess hormone secretion. Media was pooled from
four wells per sample (n=6). Media collected from the experiment was
processed and analyzed using motilin (CEA575Hu, Cloud-Clone), ghrelin
(also called acylghrelin) (Ozcan et al., 2014), unacylated ghrelin (UAG)
(Ozcan et al., 2014), total GIP (EZHGIP-54K, Millipore), active GIP (Troutt
et al., 2011) and oxyntomodulin (AL-139, AnshLabs) ELISA assays.

Injection/secretion studies

Day 34 HIOs were exposed to doxycycline for 8 h to induce NEUROG3
expression. At day 41, HIOs were starved overnight (16 h) by changing the
medium to low-glucose DMEM. At day 35, HIOs were microinjected with
either 20 nl of 1x PBS or 20% D-glucose (n=16). Media was collected at
24 h post-injection and organoids were processed for RNA expression
analysis and sectioning as described above. Media from each condition was
pooled for analysis of secreted hormone. Media was processed and analyzed
using the above ELISA assays.

Mouse studies and in vivo transplantation of HIOs

All mouse work was preapproved by the Committee of Ethics of Animal
Experiments at Cincinnati Children’s Hospital Research Foundation
(CCHRF) and was in accordance with the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health (IACUC2016-004).
Euthanasia was performed as per protocol with a primary administration of
isofluorane and a secondary method of cervical dislocation. Immune-
deficient NOD-SCID TL-2y™! (NSG) mice were obtained from the
Comprehensive Mouse and Cancer Core Facility, Cincinnati, OH, USA.
Mice were housed in the CCHRF mouse facility and maintained on a 12-h
light/dark cycle. Transplantation studies were carried out as described by
Watson et al. (2014). Ten weeks after transplantation under the kidney
capsule, mice received doxycycline chow for 24 h and then tissue was
collected 7 days after induction. Tissue was analyzed by sectioning
and staining.
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