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BACKGROUND & AIMS: The homeostasis of the gastrointestinal
epithelium relies on cell regeneration and differentiation into
distinct lineages organized inside glands and crypts. Regeneration
depends on Wnt/(-catenin pathway activation, but to understand
homeostasis and its dysregulation in disease, we need to identify
the signaling microenvironment governing cell differentiation. By
using gastric glands as a model, we have identified the signals
inducing differentiation of surface mucus-, zymogen-, and gastric
acid-producing cells. METHODS: We generated mucosoid cul-
tures from the human stomach and exposed them to different
growth factors to obtain cells with features of differentiated
foveolar, chief, and parietal cells. We localized the source of the
growth factors in the tissue of origin. RESULTS: We show that
epidermal growth factor is the major fate determinant dis-
tinguishing the surface and inner part of human gastric glands. In
combination with bone morphogenetic factor/Noggin signals,
epidermal growth factor controls the differentiation of foveolar
cells vs parietal or chief cells. We also show that epidermal growth
factor is likely to underlie alteration of the gastric mucosa in the
precancerous condition atrophic gastritis. CONCLUSIONS: Use of
our recently established mucosoid cultures in combination with
analysis of the tissue of origin provided a robust strategy to un-
derstand differentiation and patterning of human tissue and

allowed us to draw a new, detailed map of the signaling micro-
environment in the human gastric glands.

Keywords: Stomach; Epithelium; Mucosoids; Epidermal growth
factor, EGF; Bone moprhogenetic protein , BMP Noggin; Dif-
ferentiation; patterning Gastric Cancer.

he cellular composition and the homeostasis of
epithelia depend on the activity of regenerative cells
that proliferate and differentiate into different lineages. In
the human stomach, the epithelium is organized into deep

Abbreviations used in this paper: AG, atrophic gastritis; ATP4B, ATPase
H+/K+ transporting subunit 3 gene; BMP, bone morphogenetic protein;
CG, chronic gastritis; EGF, epidermal growth factor; EGFR, epidermal
growth factor receptor; MEKi, inhibitor of MEK; mRNA, messenger RNA;
PGC, pepsinogen C; TGF, transforming growth factor.
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Previous studies using animal models have shown that
stem cells in the stomach are maintained by active
Whnt/g-catenin signaling pathway. Little is known about
the signals promoting cell differentiation.

NEW FINDINGS

We have found that epidermal growth factor (EGF) and
bone morphogenetic protein 4 (BMP4) regulate human
gastric cell differentiation into the main lineages, and
high EGF is likely to be the cause of loss of chief and
parietal cells in atrophic gastritis.

LIMITATIONS

Genetic tracing tools can be used to identify the
progenitors and the differentiation hierarchy of human
gastric cells, which is not addressed in this study.

IMPACT

EGF and BMPs can also determine the shape and cell
composition of other tissues. Dysregulation of these
signaling molecules might dictate the changes in tissue
morphology observed during infection, inflammation,
and cancer.

invaginations called gastric glands populated by distinct
types of cells. The part that opens to the lumen of the
stomach (foveolae or “pit”) comprises cells producing the
moisturizing protective mucin MUC5SAC." Inside the gland
there are chief cells secreting digestive enzymes, and
another type of mucus-producing cells secreting MUC6.
Proliferating cells are mostly located in the isthmus region
between the gland and the foveolae. Parietal cells, which are
responsible for acid production, are found in the isthmus
and in the gland. The secretory functions of chief and pa-
rietal cells are regulated by hormone-producing (endocrine)
cells (Supplementary Figure 1).

Cells with regenerative potential have been found at
multiple sites within the gland,”* and activation of the Wnt/
B-catenin signaling pathway is essential for regeneration.*”’
However, the combination of factors inducing cell differen-
tiation into the differentlineages in the gland has not yet been
identified. We hypothesize that local gradients of specific
differentiation factors instruct the cells to differentiate in
specific locations and that these factors control the pattern of
cells in the tissue. Studying differentiation and patterning of
human tissues is extremely challenging due to the obvious
impracticability of lineage-tracing experiments. Therefore,
knowledge usually relies on the transposition of concepts
from mouse models. Studying human epithelia using human-
derived models is a biologic challenge, but is essential to
understand human diseases to enable translational impact.
Human organoids and other advanced cell cultures are
addressing this challenge.””'* Here we use recently estab-
lished mucosoid cultures,” which are human stem-cell-based
models reminiscent of an in vivo mucosal epithelial barrier.
Cells in mucosoids are contiguous and are cultivated at an
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air-liquid-interface to form a polarized monolayer on a
porous Transwell (Millipore). The apical side is characterized
by typical accumulation of epithelial mucus. When exposed to
niche factors mimicking the in vivo microenvironment, cells
in mucosoids are capable of multilineage differentiation and
can be expanded and propagated infinitely.” By testing the
role of differentiation factors in mucosoid cultures and
analyzing the origins of those factors in the original gastric
tissue, we show that epidermal growth factor (EGF), bone
morphogenetic protein (BMP) and Noggin can explain the
organization of cell types within gastric glands.

Materials and Methods

Treatment of Mucosoid Cultures to Induce
Secretory Cell Lineage Differentiation

Primary gastric epithelial cells were grown as mucosoid cul-
tures for a minimum of 2 weeks before treatments were started to
induce differentiation. Foveolar cell differentiation was induced in
antrum and corpus mucosoids by depletion of WNT3A and RSPO1
from the medium for 7 or 12 days, as described previously for
organoids.”® Fifty percent of the medium was changed every 3
days. For secretory cell lineage differentiation, corpus mucosoids
were treated with differentiation medium for 12 days with 50%
medium change every 3 days. Briefly, mucosoids were treated
with different concentrations of Noggin (0-150 ng/mL) in the
presence or absence of EGF. Alternatively, Noggin was depleted
from the medium and 2 uM PD0325901 (inhibitor of the kinase
MEK [MEKi]; Sigma) was added in the presence or absence of 50
ng/mL BMP4 (Gibco). Corpus mucosoids treated with Noggin-
depleted medium and supplemented with PD0325901 (2 uM)
and BMP4 (50 ng/mL) were further stimulated with histamine (1
mM; Sigma) to activate gastric acid secretion.

Results

Gene Expression in Mucosoid Cultures Reflects
the Tissue of Origin

In previous work, we isolated and cultivated epithelial
cells from the antrum of the stomach into mucosoids.”
Antrum glands consist mainly of mucus producing cells,
while corpus glands contain also chief and parietal cells.' To
understand the differences between these 2 regions in the
stomach, we obtained gastric sleeve resection samples from
11 obese patients (Supplementary Table 1). Two-by-two
centimeter portions of the gastric mucosa from the center
of the corpus and from the antrum (Figure 14) were pro-
cessed to cultivate mucosoids, as we have described previ-
ously’; both antrum and corpus epithelia were cultivated
using identically composed growth medium (Supplementary
Table 2). Histologic samples of the corpus can be easily
distinguished from the antrum by the gland height (Figure 1B
and C). Consistent with our previous findings for antrum-
derived mucosoids,” both antrum- and corpus-derived
mucosoids are populated by MUC6™ cells, which is typical
of glands in both stomach regions (Figure 1D and E). We
compared the gene expression signatures of the antrum- and
corpus-derived mucosoids by microarray and found a
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Figure 1. Corpus- and antrum-derived mucosoids maintain their identity in culture. (A) A human sleeve resection: mucosoids
were generated from epithelial cells of the middle part of the corpus and from the antrum. (B, C) H&E staining showing glands
of the gastric corpus and antrum. Scale bar: 100 um. (D) Immunofluorescence analysis for MUC6 showing position of gland
mucus cells in the antrum and corpus. Phalloidin shows actin filaments. (E) Mucosoids cultured from cells from antrum or
corpus cells after 14 days, stained for MUC6 and E-cadherin. Scale bar: 5 um. (F) Heat map showing the most differentially
expressed genes between 3 antrum-derived and 3 corpus-derived mucosoid cultures. (G, H) Gene set enrichment analysis
comparing antral (G) or corpus (H) mucosoid cultures with in vivo data from Nookaew et al."® Gene expression in both
mucosoids correlates with biopsies of matching origin (antrum normalized enrichment score [NES] = 2.5, corpus NES = 1.3).

distinct subset of genes that is consistently different between
antrum and corpus mucosoids across samples derived from
different patients (Figure 1F). As in the stomach in situ,
gastrin (GAST) and somatostatin (SST) are expressed more in
antrum-derived compared with corpus-derived mucosoids.
Notably, transcription factors involved in endodermal

patterning—including GATA4, CDX2, and IRX2,3,5"3" —are
also differentially expressed, indicating that the cells in vitro
retain a memory of their proximal (corpus) or distal (antrum)
origin. Focusing on genes that are differentially expressed in
antrum vs corpus gastric biopsies (based on publicly avail-
able gene expression data'®), we found a corresponding
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significant and strong enrichment of these genes when
comparing antrum- and corpus-derived mucosoids
(normalized enrichment score = 2.5 for antrum and 1.3 for
corpus (Figure 1G and H). Thus, mucosoid cultures retain key
aspects of their identity and a distinct gene expression
signature typical of their tissue of origin (antrum or corpus),
even when exposed to identical culture conditions, suggest-
ing that stem cells in these regions might be distinct. As the
corpus mucosoids are reminiscent of their tissue of origin, we
used them to investigate factors governing differentiation of
specialized cell types in human oxyntic glands.

Foveolar Cell Differentiation Depends on Bone
Morphogenetic Protein Signaling

The typical abundant mucin expressed by foveolar cells
is MUC5AC, whereas mucus cells in the inner part of the
gland express MUC6 (Figure 24). Wnt signaling plays an
important role in patterning the luminal-basal axis of the
gut, and its activation has been associated with enhanced
regenerative properties in the intestine'® and in the stom-
ach.'” We recently demonstrated that foveolar differentia-
tion in human antrum glands is inhibited by Wnt/@-catenin
pathway activation.” We confirmed that for the corpus-
derived mucosoids, removal of Wnt ligands from the cul-
ture cocktail induced a complete change from MUC6" to
MUC5AC™ cells (Supplementary Figure 24, B, and C). Given
known crosstalk between Wnt and BMP signaling, and the
effects of BMP inhibition on murine gastric glands,'® we
investigated whether BMP signaling influences foveolar cell
differentiation in human gastric glands. Noggin is a BMP
inhibitor and is essential for regeneration of organoid and
mucosoid cultures. When Noggin was removed, MUC5AC
messenger RNA (mRNA) and the number of MUC5AC™ cells
were increased in the mucosoids, whereas expression of the
(-catenin target gene LGR5 was reduced (Figure 2B, C, and
D). Although MUC6 mRNA levels were reduced in the
absence of NOGGIN, the number of MUC6™ cells was not
significantly changed (Figure 2B and D). Expression of the
BMP target gene ID1 was increased after removal of Noggin
(Figure 2F), indicating active epithelial BMP signaling.
Therefore, Noggin prevents differentiation into MUC5AC*
cells in corpus-derived mucosoids.

In human gastric tissue, we found that Noggin is highly
expressed in the muscularis mucosa below the glands
(Figure 2F). Interestingly, Noggin protein has not been found in
the stomach mucosa in mice (or the transcript was found at
trace level only),"”?* suggesting a possible human-specific
mode of regulation. We assessed whether there is a source of
BMP in human gastric corpus tissue by in situ hybridization and
found that BMP4 in particular is expressed more at the isthmus
region (Figure 2G and Supplementary Figure 3A4). Together,
these results suggest that foveolar differentiation above the
isthmus is triggered by BMP ligands present in that region,
which is remote from the inhibitory Noggin below the glands.

Differentiation Toward Foveolar Cells Depends
on Epidermal Growth Factor Signaling

Studies of gastric gland homeostasis in mice have
suggested that stimulation of the EGF receptor (EGFR)
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signaling pathway influences the foveolar compartment,”*
and EGF has also been implicated in human fetal gastric
epithelium development.”**> Therefore, we tested
whether EGF signaling regulates foveolar cell differentia-
tion in human corpus glands by using mucosoid cultures.
EGF is part of the mucosoid cultivation cocktail and, when
we removed it, the influence of Noggin on MUC5AC
expression was strongly reduced (Figure 3A4); that is,
removal of Noggin no longer induced significant MUC5AC
expression. This indicates that EGF is a strict requirement
for foveolar cell differentiation. Indeed, we found that
levels of MUC6 and LGR5 remain high in the absence of
EGF regardless of Noggin (Figure 3B and (), indicating
that the cells retain a phenotype typical of the lower part
of the gland. To confirm that the effect of EGF on foveolar
differentiation is exerted through the EGFR/mitogen-
activated protein kinase(MAPK) signaling pathway, we
cultivated mucosoids with EGF and with/without an in-
hibitor of the Kinase MEK (MEKi, PD0325901). The
presence of MEKi reduced the level of MUC5AC and
increased the levels of MUC6 and LGR5, similar to the
absence of EGF (Figure 3D). Consistent with the results of
quantitative real-time polymerase chain reaction,
blockage of the EGFR signaling pathway completely re-
presses MUC5AC™ foveolar cell differentiation (Figure 3E,
quantification in Figure 3F).

As Noggin is produced distant from the foveolae
(Figure 2F), cells are exposed to different amounts of this
BMP inhibitor, depending on their position; we therefore
tested the effect of increasing concentration of Noggin
with/without EGF on the expression of cell lineage-specific
markers. Again, we found little expression of MUC5AC in
the absence of EGF (Supplementary Figure 4A4), suggesting
that any source of EGF in the gland must be close to the
foveolar compartment. By contrast, the level of MUC5AC
correlated inversely with the level of Noggin in the pres-
ence of EGF (Supplementary Figure 4A4). In the
same experimental setup, the levels of MUC6 and LGR5
decrease under conditions in which MUC5AC increases,
consistent with the incompatibility of foveolar and inner-
gland differentiation programs (Supplementary Figure 4B
and ().

To relate these observations in mucosoids to the in vivo
situation, we examined expression of the EGFR ligands EGF
and transforming growth factor-a (TGFA) in the tissue of
origin by immunofluorescence and in situ hybridization.
Both ligands are more highly expressed at the foveolae and
isthmus region than lower in the gland (Figure 3G and
Supplementary Figure 3B and C, hybridization controls in
Supplementary Figure 3D and E).

To test the role of EGF in mucin production by foveolar
cells, we analyzed the apical mucous secretome. We
treated mucosoids for 12 days with/without MEKi in the
absence of Noggin and analyzed the accumulated mucus by
mass spectrometry. Consistent with our results of quanti-
tative real-time polymerase chain reaction, inhibition of the
EGFR signaling pathway through MEKi abolished secretion
of the typical foveolar mucin MUC5AC and other typical
foveolar proteins TFF1 and GKN1 (Figure 3H, I, and )).
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Figure 2. Noggin represses foveolar cell differentiation. (A) A section of a corpus gland stained for MUC5AC and MUCS6. Scale
bar: 100 um. (B) Quantitative real-time polymerase chain reaction (QPCR) analysis of MUC5AC, MUCS6, and LGR5 expression
after removal of Noggin (NOG) from the cultivation medium for 12 days. Results are expressed in log4o-fold change relative to
the +NOG sample. (C) Mucosoids cultivated in parallel with (150 ng/mL) and without Noggin for 12 days, fixed and stained
whole mount for MUCS5AC (red), MUC6 (green), and Phalloidin 647 (white), imaged from above. Scale bar: 25 um. (D)
Quantification of MUC5AC™ and MUC6™ cells in (C). Mean value + SD of n = 4 | replicas are shown. (E) gPCR analysis of the
BMP target gene ID1 expression after removal of Noggin from the cultivation medium for 12 days, expressed as fold-change
relative to the +NOG sample. (F) Immunofluorescence staining of human gastric corpus section for Noggin (green). Membrane
and nuclei are stained with an anti—-3-catenin antibody and 4’,6-diamidino-2-phenylindole, respectively. Scale bar: 100 um. (G)
Left: RNAscope in situ hybridization using probes detecting BMP4 and hematoxylin staining of a human corpus gastric section
Scale bar: 50 um. Center: RNA signal deconvolution (Supplementary Material) of the image on the right. Right: Quantification of
the signal distribution from 4 sections, divided into 10 regions of interest (ROIs) (Supplementary Material). The distribution of
the signals between the ROls is statistically different from a random distribution (1-way analysis of variance): P = .0019. (B, E) t
test, P < .0005; ***P < .00005.
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Figure 3. EGF enhances foveolar cell differentiation. (A, B, C) Quantitative real-time polymerase chain reaction (QPCR) analysis
of MUC5AC, MUCE6, and LGR5 expression after removal of EGF and/or Noggin from the cultivation medium for 12 days.
Results are expressed as logqq fold-change relative to the +NOG (150 ng/mL) + EGF (20 ng/mL) sample. (D) gPCR analysis of
MUCS5AC, MUCS6, and LGR5 after applying MEKi (2 uM) for 12 days. Results are expressed as log4o fold-change relative to
the +NOG +EGF sample. (E) Mucosoids were cultivated in parallel without Noggin and with or without MEKi (2 uM) for 12
days. Samples were fixed and stained whole mount for MUC5AC (red), MUCB6 (green), and visualized from top. Phalloidin 647
was used to visualize the cell borders. Scale bar: 25 uM. (F) Quantification of MUC5AC+ and MUC6+ cells in (E). Mean value +
SD of 4 biologic replicas are shown (G). Left: a section of stomach corpus, stained for EGF (green), shows enhanced
expression of this ligand at the foveolae. Nuclei were stained with Hoechst. Scale bar: 100 uM. Right: Quantification of the
signal distribution from 4 sections, divided in 10 regions of interest (Supplementary Material). Probability of a random distri-
bution is P = .0001 (analysis of variance). (H, I/, J) Mass spectrometry and label free quantification analysis of MUC5AC, TFF1,
and GKN1 protein in the apical secretome of mucosoids treated with MEKi (2 M) for 12 days compared to untreated samples.
(A B, C, D, F H,I Jttest, *P < .05; *P < .01; P < .001; ***P < .0001.
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Our results suggest that high expression of EGFR ligands
promotes differentiation of mucus-producing foveolar cells
at the pits, which is consistent with early histopathologic
reports that found EGF mostly in the luminal part of the
stomach.”®

Differentiation Toward Chief Cells by Deprivation
of Epidermal Growth Factor

Chief cells are the main cell type responsible for the
production of digestive enzymes (zymogens) in the stomach,
as they secrete pepsin, chymosin, and lipase. They occupy
half of the gland height from the base to the proliferation
zone (Figure 4A) and they can be identified in situ by
antibody staining against pepsinogen C (PGC). As we have
discovered that EGF and TGFa are enriched at the pit/
isthmus region, and as chief cells are positioned closer to
the Noggin source in the stromal cell layer below the glands,
we tested the effect of deprivation of EGF and/or Noggin
on the generation of PGC" cells in corpus mucosoids.
Removal of EGF enabled the expression of PGC, and
simultaneous deprivation of Noggin had no significant ef-
fect (Figure 4B).

To test whether the EGFR pathway must be inactive to
allow differentiation toward chief cells, we analyzed
expression of PGC by immunofluorescence after treatment
with an MEKi. We found that PGC expression is induced in
the presence of MEKi (Figure 4C) and that the total number
of PGC™ cells increases significantly (Figure 4D).

We further characterized PGC* cells in the corpus
mucosoids to prove that they share similarities with chief
cells in function and ultrastructure. We analyzed the apical
secretome of mucosoid PGC™ cells obtained by inhibiting
EGFR and found decreased accumulated volume of mucus
(Figure 4E), in line with the reduced presence of MUC5AC
we observed previously (Figure 3H). Mass spectrometry
analysis of the apical secretome suggested some accumu-
lation of the PGC protein (not statistically significant,
Figure 4F), suggesting that PGC might not be secreted
constitutively. Electron microscopy sections of the mucosoid
monolayers showed dark granules on the apical side,
reminiscent of zymogenic granules in vivo and different
from apical mucus-transporting vesicles (Figure 4G).”’
Immunogold staining showed PGC specifically in the dark
granules, confirming their zymogenic features (Figure 4H).
As these cells start acquiring zymogenic granules containing
pepsin precursors, we conclude that deprivation of EGF al-
lows differentiation of cells with features of chief cells.

Bone Morphogenetic Protein Induces
Differentiation Toward Parietal Cell in the
Absence of Epidermal Growth Factor

Parietal cells are responsible for acid production in the
stomach and they are scattered in the oxyntic glands. Spe-
cifically, they are absent from the foveolae and less abun-
dant at the base of the gland, as observed by expression of
ATPase H+/K+ transporting subunit @ (HK-ATPase-g
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(Figure 5A4). After removing EGF from the mucosoid culti-
vation cocktail, we observed a low induction of ATP4B
expression by quantitative real-time polymerase chain re-
action (Figure 5B), but blocking the EGFR signaling pathway
by providing MEKi did not result in an increase in HK-
ATPase-B" cells (Figure 5C), suggesting that a further level
of regulation is needed for the correct expression of this
subunit of this pump. Also, the addition of BMP4 as well as
MEKi did not increase ATP4B mRNA (Figure 5D), but we
found a dramatic increase in the number of HK-ATPase-6"
cells, which suggests a post-transcriptional role of BMP4 in
the regulation of the proton pump (Figure 5E, quantification
in 5F). Expression of the other subunit of the pump, HK-
ATPase-q, increases accordingly (Supplementary Figure 54).
In addition, the plasma membrane/actin cytoskeleton reg-
ulatory protein Ezrin accumulated on the apical surface, as
is typically observed in resting parietal cells*®
(Supplementary Figure 5B).

To assess whether HK-ATPase-3" differentiated cells in
the mucosoids form a secretory network (canaliculi) similar
to parietal cells in the stomach, we analyzed the ultra-
structure of cells in thin sections of mucosoids induced to
express the proton pump by inhibiting the EGF signaling
pathway (with MEKi) and by increasing the BMP4 concen-
tration. We also gave a stimulus with histamine for 30 mi-
nutes before fixation to induce acid secretion. We found
canaliculi surrounded by mitochondria on the apical side of
the cell (Figure 5G). Immunogold labeling showed HK-
ATPase-3 in the correct location on these canaliculi
(Figure 5H). Finally, we tested whether the HK-ATPase-8"
cells obtained in the mucosoids were able to produce acid.
After promoting differentiation, we included a pH indicator
(acridine orange) and observed acid release after treating
the cells with histamine (Figure 5I, Supplementary
Figure 5C). Thus, the HK-ATPase-3", acid-producing cells
obtained in vitro are analogous to parietal cells in situ. We
conclude that EGF is unfavorable for differentiation toward
both chief cells and parietal cells and that BMP4 activates
the parietal cell differentiation program.

We further investigated whether activation of the BMP
signaling pathway is the discriminant between chief and
parietal lineage differentiation. We probed the expression of
BHLHA15 (also known as MIST1), a nuclear transcription
factor expressed in chief cells, but completely excluded from
parietal cells,”’ and found that the mRNA level, as well as
the number of MIST1™ cells, is reduced on treatment with
BMP4 (Supplementary Figure 64 and B).

Epidermal Growth Factor Expression Is Increased
in Atrophic Gastritis

Atrophic gastritis (AG) is a chronic inflammatory con-
dition that is an intermediate in progression toward
dysplasia and cancer caused by Helicobacter pylori infection.
The atrophic mucosa is characterized by a marked reduction
in gland height and the absence of cells involved in digestive
functions, namely parietal and chief cells. The signals pro-
voking these radical changes in tissue morphology and cell
composition are unknown. As we have identified EGF and
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Figure 4. EGF suppresses chief cell differentiation. (A) Section of corpus mucosa stained for the chief cell marker PGC (green)
and E-cadherin. Scale bars: 100 um. (B) Quantitative real-time polymerase chain reaction analysis of PGC expression after
removal of EGF and/or NOG from the cultivation medium for 12 days. Results are expressed as logy, fold-change relative to
the +NOG +EGF sample. (C) Mucosoids cultured -NOG +EGF, with or without MEKi (2 uM) treatment for 12 days were fixed
and stained whole mount and visualized from top. Phalloidin 546 was used to visualize the cells, chief cells are stained with an
anti-PGC antibody (green). Scale bar: 25 um. (D) Quantification (mean + SD n = 5 biologic replicates) of the PGC™ cells in (C).
(E) Relative volume of mucus (mean + SD n = 4) secreted by mucosoids (-NOG +EGF) after treatment with or without an MEKi
for 12 days. (F) Mass spectrometry and label free quantification of PGC protein in the mucosoid apical secretome, with or
without MEKi treatment. (G) Transmission electron microscopy of mucosoid samples cultured -NOG or -NOG +MEKIi. Mucous
vesicles (black arrowheads, left panel) are numerous in the absence of MEKIi, whereas there are dark zymogenic granules on
the apical side (white arrowheads, right panel) in the presence of MEKi. Scale bar: 2 um. (H) Ultrathin (<100 nm) sections were
Immunogold-labeled to detect PGC (encircled; upper panel). The enlargement (lower panel) shows PGC present in the
zymogenic granules (arrowheads). Scale bar: 500 nm. Mt, mitochondria. (B, D, E) t test, *P < .05;
P < .01.
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Figure 5. BMP4 enhances parietal cell differentiation in the absence of EGF signaling. (A) A section of oxyntic mucosa stained
for the parietal cell marker HK-ATPase-3 (green). Scale bar: 100 um. (B) Quantitative real-time polymerase chain reaction
(9PCR) analysis of ATP4B expression after removal of EGF and/or Noggin from the cultivation medium for 12 days. Results are
expressed as logo fold-change relative to the +NOG +EGF sample. (C) Mucosoids -NOG +EGF were treated for 12 days with
or without MEKi (2 uM), fixed and stained whole mount and visualized from top. Phalloidin 546 was used to visualize the cells;
parietal cells are stained with an anti-HK-ATPase-3 antibody (green). Scale bar: 25 um. (D) Mucosoids (-NOG +EGF) were
treated with an MEKIi with or without BMP4 for 12 days. Shown is gPCR for ATP4B, expressed as logo fold-change relative
to +NOG +EGF control samples. (E) Mucosoids cultured -NOG +EGF were treated for 12 days with MEKi and BMP4 (50 ng/
mL), fixed and stained whole mount and visualized from top. Phalloidin 546 was used to visualize the cells; parietal cells are
stained with an anti-HK-ATPase-3 antibody (green). Scale bar: 25 um. (F) Quantification (mean + SD n = 5 biologic replicates)
of HK-ATPase-(+ cells in (C) and (E). (G) Transmission electron microscopy of mucosoids cultured -NOG +MEKi +BMP4,
plus 30 minutes 1-mM histamine stimulation, showing canaliculi (light gray area) and adjacent mitochondria (dark gray). Scale
bar: 5 um. (H) Ultrathin (<100 nm) sections were Immunogold-labeled to detect HK-ATPase-3 (encircled, left). Enlargement
(right) shows HK-ATPase-g present at the canaliculi (ight gray area). Mt, mitochondria; N, nucleus. Scale bar: 500 nm. (/)
Corpus mucosoid cultures cultivated with 50 ng/mL of BMP4, incubated with 1 uM of acridine orange for 15 minutes 37°C/5%
CO,, with or without activation with 10 uL 5-mM histamine solution. Fluorescence of acridine orange was excited at 488 nm
and images were collected in a time series (every 10 seconds) at 500-550 nm and 600-650 nm. Scale bar: 25 um. (B, D, F) t
test, *P < .05; P < .05; **P < .0005.
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Figure 6. EGF is highly expressed in AG biopsies. Biopsies from patients diagnosed with AG (n = 11), CG (n = 8), or normal (N)
gastric mucosa controls (n = 6) were processed for RNA extraction and complementary DNA synthesis. (A, B, C, F, G, H, I, J)
EGF, PGC, ATP4B, AREG, TGFA, HBEGF, BMP4, and ID1 were analyzed by quantitative real-time polymerase chain reaction
and results are shown as log1q fold-change relative to the median of the expression of the healthy control. The median of each
sample group is shown. t test, *P < .05; **P < .005; **P < .0005. (D, E) Correlation of log1o fold-change of PGC and EGF (G) or
ATP4B and EGF (H) for individual biopsies. To infer a linear correlation between the expressions of these markers, we
calculated the R? coefficient of correlation and the probability P of deviation from 0.

and Operative Link on Gastric Intestinal Metaplasia
Assessment systems are provided in Supplementary
Table 3. Interestingly, we found a remarkable over-

BMP4/Noggin as the major epithelial signals that control
foveolar vs parietal and chief cell differentiation, we
compared the expression of EGFR and BMPR ligands of

previously collected AG and chronic gastritis (CG) and
normal biopsies.>’ Patient information and histopathologic
staging according to Operative Link on Gastritis Assessment

expression of EGF in AG, which in some biopsies was 10-
100 times higher than in normal samples (Figure 6A4).
Although CG is characterized by hypertrophy of the gastric
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Figure 7. A new map of the human gastric gland. (A) A schematic of the human gastric gland showing the positions of the
different cells and of the differentiation factors EGF, BMP, and Noggin. (B) A diagram summarizing the combination of
signaling factors required to obtain differentiated cell types in the mucosoids. (C) Elevated levels of EGF are detrimental for
chief and parietal cells and are probably underlying the histologic condition of AG. Markers are listed in pink above the cell
types.

mucosa, the level of EGF is not significantly different in CG were down-regulated (Figure 6G and H). The expression
compared to normal. As expected, the expression levels of level of BMP4 was similar across the sample types, but there
PGC and ATP4B were reduced in AG compared to CG and was a significantly lower level of ID1 in AG (Figure 61 and J).
normal, consistent with loss of parietal and chief cells Reduced expression of ID1 could be the result of increased
(Figure 6B and C). Further, we found that higher EGF expression of Noggin, however, the transcript NOG could not
expression in a biopsy corresponded to lower expression of be detected because it is expressed in the muscularis mu-
PGC and ATP4B (Figure 6D and E). We also found a minor cosa (Figure 2F), which is not included in the biopsy. These
increase in expression of another known EGFR ligand called data suggest that the loss of chief and parietal cells observed
amphiregulin (AREG, Figure 6F), whereas TGFA and HBEGF in AG is due to the high activation of the EGFR signaling
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pathway, probably by EGF, which we have shown to pre-
clude the differentiation of those lineages.

Discussion

We harnessed the multilineage differentiation capacity
of the recently established mucosoid culture system to un-
derstand the signaling microenvironment controlling cell
differentiation in human gastric glands. Aided by staining on
the tissue of origin, we have found that stomach lineage
differentiation is controlled by a gradient of EGF and BMP
from the top to the base of the gland; and Noggin expressed
in the muscularis mucosa. In particular, EGF is essential for
foveolar differentiation and detrimental for chief and pari-
etal cell differentiation. BMP pathway activation is found
concomitant with foveolar differentiation, whereas Noggin
(a BMP signaling inhibitor) blocks this lineage. We also
found that activation of BMP signaling in the absence of
active EGF induces parietal cell differentiation, while
repressing chief cell differentiation (Figure 74 and B).

Homeostasis of glands depends on the capacity of cells
to regenerate and differentiate into different lineages.
Regeneration and the origin of lineages have been investi-
gated extensively, especially in murine models. Although
there is not yet a consensus on the “identity” of stem cells in
the stomach,****” it is evident that activation of the Wnt/g-
catenin signaling pathway is essential for regeneration.””’
However, we and others have demonstrated that deactiva-
tion of this pathway induces foveolar cell differentiation
specifically.”” Other cell types, like chief and parietal cells,
do not automatically differentiate, and they require different
sets of instructions. Here we report that cellular differenti-
ation in the glands is an active process driven by EGF and
BMP/Noggin signaling, and we propose a model in which
the signaling microenvironment is important in epithelial
homeostasis, as it governs differentiation and patterning of
human gastric glands. Indeed, we predict that an alteration
in the signaling microenvironment, like the high expression
of EGF found in Atrophic gastritis (AG), is the main driver of
the histologic phenotype (lack of chief and parietal cells)
observed in this precancerous condition.

Perturbation of EGF signaling is often associated with
pathologic conditions, including gastric cancer. Long-term
infection with H. pylori is a major risk for the develop-
ment of gastric cancer,>® and it is known that this bacterium
is able to induce transactivation of the EGFR in epithelial
cells,**~*! probably as a response to extensive cell dam-
age.” Gastric cancer initiates through a series of patholog-
ically defined stages and AG is the first recognized
precancerous condition, conferring a significantly higher
chance of developing adenocarcinoma.*®> The altered
mucosal morphology in AG may be due to the extensive
damage caused by the infection. By enhancing cell prolif-
eration, activation of EGFR might be needed to repair the
damage. Previous reports have described the over-
expression of EGFR ligands like TGFq, heparin-binding EGF,
and amphiregulin in gastric cancer and also specifically in
AG.** We propose that high expression of EGF prevents
differentiation of functional chief and parietal cells in AG

Gastroenterology Vol. 161, No. 2

(Figure 7C). Furthermore, our findings show that EGF might
predict the local severity of AG, as higher EGF correlates
with fewer parietal and chief cells. Our findings are also
consistent with studies of parietal cells isolated from rabbit,
pig, and rat, demonstrating a role for EGFR activation in the
inhibition of acid production.**°

Several researchers have hypothesized that BMP might
be the counter-effector of Wnt signaling in the mouse
stomach mucosa.'®*”*% Interestingly, transgenic mouse
models overexpressing Noggin under the promoter of the
proton pump lose mucin staining at the tip of the glands,"®
suggesting that this factor is detrimental to MUCS5AC
expression; our model is in line with this hypothesis.
However, the BMP/Noggin circuit is not sufficient to
segregate foveolar cells from the rest of the gland in the
stomach, and we found that EGF is located at the foveolae
and is indispensable for cell fate decisions. The role of EGFR
activation in promoting foveolar cell differentiation is also
consistent with the foveolar hyperplasia observed in
Menetrier disease.*>"° In this rare, premalignant condition,
overexpression of TGFa (another EGFR activator) induces
hyperproliferation of foveolar cells and excessive secretion
of gastric mucus that can be reverted by blocking EGFR.”**

Activation of EGFR by EGF is probably the main micro-
environmental instruction dictating shape and cell content
in the human stomach, and its effect may be similar in the
rest of the gastrointestinal tract.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at http://doi.org/10.1053/
j-gastro.2021.04.062.
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Supplementary Material and Methods

Human Tissue

Gastric sleeve resections were provided by the Centre
for Obesity and Metabolic Medicine, Helios Klinikum,
(Berlin-Buch, Germany) with prior approval of the ethics
committee of the Charité University Hospital, Berlin (EA1/
129/12). Every participant provided his written informed
consent before study inclusion. Anonymized samples
(Supplementary Table 1) were obtained from a total of 11
patients with body mass index >36 kg/m? The tissue was
washed in phosphate-buffered saline (PBS) containing 50
ug/mL gentamicin to remove blood and then processed by
removing fat and connective tissue. A 2 x 2 cm? portion of
tissue was taken from the central part of the corpus and
from the antrum. The tissue was further divided for
generating samples for histology and for cell isolation, and
the rest was snap-frozen. In addition, gastric biopsies were
collected from patients undergoing upper gastrointestinal
endoscopy at the Department of Gastroenterology, Hep-
atology and Infectious Diseases at the Otto-von-Guericke
University =~ Magdeburg, = Germany  (Supplementary
Table 3). The study protocol was approved by the Insti-
tutional Review Board of Otto-von-Guericke University
Magdeburg (ethics reference 80/11). The detailed study
design was described previously." Briefly, every partici-
pant provided written informed consent before study in-
clusion. A pair of biopsies was immediately snap-frozen in
liquid nitrogen and stored at -80°C until further process-
ing and extraction of nucleic acids. Additional biopsies
from the gastric antrum, the incisura angularis, and the
gastric corpus were processed for routine histopathology
assessment according to the updated Sydney classifica-
tion.” This includes grading of the activity of the mucosal
inflammation by assessment of the infiltration by neutro-
phil granulocytes and the chronicity of inflammation by
assessment of the infiltration by lymphocytes accordingly.
The degree of mucosal atrophy was defined by the struc-
tural reduction of the mucosal gland architecture, and the
degree of intestinal metaplasia by the extent of intesti-
nalized glands within the samples.2 Based on these results,
patients were stratified into the following groups: AG, in
case of significant atrophic changes (the degree of intesti-
nal metaplasia was not included in this definition); CG, in
case of inflammatory but no structural changes of the
mucosa; and normal, in the absence of relevant inflam-
mation and structural changes. Patients in the AG group
were also stratified according to the Operative Link on
Gastritis Assessment and Operative Link on Gastric Intes-
tinal Metaplasia Assessment stages, as described previ-
ously.** According to the updated Sydney system,
Helicobacter pylori density was assessed by histopathology.
Status of H pylori infection was determined by rapid urease
test and microbiology (culture), as well as serology. Pa-
tients were defined as H. pylori-positive with positive
microbiology and/or positive histology and/or positive
serology. Positive serology only indicates past rather than
active infection. Patients negative in these modalities were
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defined as H. pylori-negative. In the experimental part of
this study, only biopsies from the corpus were used.

Generation of the Mucosoids

Gastric tissue from sleeve resections was processed as
described previously.® The tissue (0.5-1 cm?) from antrum
and from corpus was cut into pieces <1 mm? and washed in
cold PBS until the supernatant was clear (8-10 times), fol-
lowed by a 30-minute incubation in chelating solution
(5.6mM Na,HPO,/8.0mM KH,P0,/96.2mM NaCl/1.6 mM
KCl/43.4mM sucrose/54.9mM bp-sorbitol/0.5mM bpL-
dithiothreitol/2 mM EDTA in H,0) at 37°C on a shaking
platform. Settled tissue fragments were transferred to a
Petri dish and subjected to gentle pressure under a glass
slide to extract the glands. The extracted portions of tissue
were re-suspended in medium containing 10% heat-
inactivated fetal calf serum (Biochrom) to reduce cell re-
aggregation. After settling the larger fragment for 1 min-
ute, the solution with the isolated glands was transferred
into a new tube, centrifuged at 250g for 5 minutes and re-
suspended in 600 uL of Matrigel (356231; Corning), and
aliquoted in 50-uL drops in each well of a 24-well plate. The
cell aggregates were cultivated to form organoids, according
to a protocol published previously.” The organoids were
cultivated for 2 passages before seeding them into muco-
soids using a method established previously.” Briefly,
250,000 cells derived from either antrum or corpus orga-
noids were seeded in 200 uL culture medium into collagen-
coated (A10644-0, 12.5-15 ug/cm?; Gibco) Transwell in-
serts (PIHP01250; Millipore) placed in a 24-well plate at
37°C, 5% CO, in a humidified incubator. The space between
filter and well was filled with 400 uL culture medium
(Supplementary Table 2). At day 3 post seeding, the medium
overlying the cells was removed from the well insert to start
the air-liquid interface culture. Subsequently the 500 uL
medium below the filter was replaced twice a week. After
13 days, only half of the medium volume was changed
regularly to maintain cell-secreted factors in the medium.
Every 30-45 days, the mucosoids were expanded; top and
bottom of inserts were washed 3 times with PBS, followed
by 30-60 minutes of incubation with 0.05% trypsin/EDTA
(25300; Thermo Scientific) on both sides of the filter. Cells
were harvested, washed, and reseeded at 250,000 cells per
new filter.

WNT3A- and RSPO1-Conditioned Media

WNT3A- and RSPO1-conditioned supernatants were
produced using the cell lines L Wnt-3A and 293T Ha Rspo1l
Fc 3/3, respectively. To measure the activity of WNT3A and
RSPO1, 239T cells transfected with a vector containing 7
TCF/LEF binding sites driving the expression of GFP were
used as reporter. Cells were seeded on poly-L-lysine-coated
96-well plates and exposed for 24 hours to different con-
centrations of both conditioned supernatants. Cells were
then stained with Hoechst 33342 (1:1000; Invitrogen) and
fixed with 4% paraformaldehyde for 30 minutes in the dark
at room temperature (RT). The activity of WNT3A and
RSPO1 supernatants was determined automatically from
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images acquired with the Operetta High Content Imaging
System (PerkinElmer), dividing the number of green “acti-
vated” cells by the total number of nuclei. Different lots of
WNT3A-conditioned media were used only if 20%-25% of
the conditioned medium diluted in Dulbecco’s modified
Eagle medium activated 50% of the test cells. Similarly, lots
of RSPO1 were used only if 5%-10% of 293T Ha Rspol Fc
3/3-conditioned medium activated 50% of the test cells
(5% of WNT3A-conditioned medium was used as a co-
activator in the RSPO1 test).

Transmission Electron Microscopy and
Immunogold Labeling

Resin sections. Mucosoid culture cells were fixed with
2.5% glutaraldehyde in PBS and post-fixed with 0.5%
osmium-tetroxide, contrasted with uranyl-acetate and tan-
nic acid, dehydrated in a graded ethanol series, and infil-
trated in Polybed (Polysciences). Cut out pieces of the filters
were stacked in flat embedding molds with Polybed. After
polymerization, specimens were cut at 60 nm and con-
trasted with lead citrate. Specimens were analyzed in a Leo
906E transmission electron microscope (Zeiss, Oberkochen,
Germany) equipped with a side-mounted digital camera
(Morada; SIS-Olympus, Miinster, Germany).

Cryosection Immunogold labeling. Mucosoid cul-
ture samples were fixed with 4% paraformaldehyde and
0.05% glutaraldehyde in PBS and filter membrane was cut
into 1-mm-wide streaks. The filter membrane pieces were
gelatin-embedded and infiltrated with 2.3M sucrose ac-
cording to the method described previously.” Ultrathin
sections were cut at -95°C with an RMC MTX/CRX cryo-
ultramicrotome (Boeckeler Instruments Inc, Tucson, AZ)
transferred to carbon- and pioloform-coated electron mi-
croscopy grids and blocked with 0.3% bovine serum albu-
min, 0.01 M glycin, 3% CWFG in PBS. The sections were
incubated with appropriate dilutions in the same buffer of
rabbit polyclonal antibody directed against PGC
(Supplementary Table 4) or mouse antibody directed
against HK-ATPase-@ (Supplementary Table 4). Secondary
antibody incubations were carried out with goat-anti-rabbit
(or mouse) antibodies coupled to 12 nm gold particles
(Jackson Immuno Research, West Grove, PA). Specimens
were then contrasted and embedded with uranyl-acetate/
methyl-cellulose following the method described pre-
viousy® and analyzed in a Leo 912AB transmission electron
microscope (Zeiss, Oberkochen, Germany) at 120 kV accel-
eration voltage. Micrograph-mosaics were scanned using a
bottom-mount Cantega digital camera (SIS, Miinster, Ger-
many) with ImageSP software from TRS (Tréndle, Moor-
enweis, Germany). Annotation of gold particles was
performed with Fiji Image ]”® software using the “Gold
Digger” macro.’

RNA isolation and quantitative real-time poly-
merase chain reaction analysis. Filters were cut from
the insert and transferred in 1 mL Trizol (Thermo). After
vigorous vortexing, the samples were incubated for 10 mi-
nutes at RT, and vortexed again before being frozen at
-80°C. After 24 hours, samples were thawed, vortexed, and
a volume of 500 uL chloroform was added. Samples were
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incubated for 2 minutes at RT and centrifuged for 15 mi-
nutes at 4°C. The aqueous phase was mixed with iso-
propanol, inverted 6 times, and incubated for 10 minutes at
RT. The resulting sample was transferred to a Total RNA
Isolation Kit Column (Thermo) and processed according to
the manufacturer’s instructions. Total RNA was measured
using a NanoDrop and reverse transcription carried out
using the Tetro cDNA synthesis Kit (Bioline). Quantitative
real-time polymerase chain reaction (Step One; Applied
Biosystem) was performed using the SensiMix SYBR hi-ROX
Kit (Bioline). Primers are listed in Supplementary Table 5.

Histology

Histologic samples of the antrum or corpus were fixed
overnight in 4% paraformaldehyde. Mucosoids on the filters
were fixed overnight in 4% paraformaldehyde at 4°C or for
2 hours at room temperature, washed, embedded orthogo-
nally in 0.5 mL Histogel (HG-4000-144) inside a casting
mold. The gel block containing the mucosoid and the tissue
where both paraffinized overnight in a TP1020 tissue pro-
cessor (Leica). Paraffin blocks were cut into 5-um sections
with a paraffin rotation microtome (Microm). For dewaxing
and antigen retrieval, sample slides were washed twice with
Xylene (10 minutes), followed by a descending series of
alcohols (20 seconds each), followed by 2 washes in running
water (5 minutes) and 30 minutes in target retrieval solu-
tion (Dako) at 95°C. Samples were cooled down for 20 mi-
nutes at RT and washed 5 minutes under running water. For
whole-mount samples, the filters were fixed for 20 minutes
in 4% paraformaldehyde at 37°C and washed with PBS.
Samples were optionally incubated for 10 minutes in
methanol at -20°C to increase the permeability of the
sample to antibodies against nuclear proteins. The samples
(both whole mount or sections on glass slides) were rehy-
drated in PBS and incubated with blocking solution (PBS,
1% bovine serum albumin, 2% fetal calf serum or PBS, 5%
donkey serum, 0.3% Triton X-100 for MUC5AC and MUC6
staining) for 1 hour, followed by primary antibody (in
blocking solution) for 90 minutes at RT. After 3 washes with
PBS + 0.1% Tween, samples were incubated with fluo-
rescently labeled secondary antibodies and 4/,6-diamidino-
2-phenylindole (1:1000) or Hoechst 33342 (1:1000; Invi-
trogen) and Alexa Fluor 647 Phalloidin (1:40; Thermo
Fisher Scientific) for 120 minutes in the dark at RT. The
antibodies are listed in Supplementary Table 4. Samples
were washed 3 times with PBS, mounted in Mowiol, and
analyzed by confocal microscopy using a Leica TCS SP-8
microscope or a Zeiss LSM 710. Images were processed,
analyzed with Image] and QuPath, and imported into Adobe
[lustrator for labeling.

Analysis of Epidermal Growth Factor Staining on
Human Sections

The images were processed with the software ZEN,
version 2.3 (blue edition) and Fiji Image]. The latter was
used to measure the average intensity of EGF signal of the
whole image and per defined region. The glands from 4
sections of 2 different samples were stained, imaged,
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aligned, and divided in 10 regions of interest (ROIs)
numbered from top to bottom. The height of each ROI is
approximately 55 um. Mean intensity of signals was
measured in each ROI and the percentage in each ROIs was
calculated. The mean + SD of the percentage of each ROI
from 4 sections of 2 different samples is plotted next to the
picture. Statistical analysis was performed and ordinary 1-
way analysis of variance (ANOVA). Distribution of the
signal between ROIs was statistically significant from a
random distribution (P < .05). A Tukey’s multiple compar-
ison test after the ANOVA revealed that values of ROI 1 in
the staining are significantly different (P < .05) compared to
the signals of all other ROIs (but not ROI 2).

Hematoxylin Staining

Paraffin-embedded samples were deparaffinized using
Histo-Clear II (HS-202; National Diagnostics) and rehy-
drated by stepwise incubation in 100%, 90%, and 70%
ethanol. Samples were stained for 5 minutes in Harris he-
matoxylin (HHS32; Sigma Aldrich), washed 10 times, briefly
differentiated in acidic ethanol (1% 1M HCI in 70% ethanol),
and blued for 30 seconds in tap water. Samples were
dehydrated by stepwise incubation in 70%, 90%, and 100%
ethanol and Histo-Clear II. Stained samples were mounted
with VectaMount (H-5000; Vector Laboratories). Images
were acquired using the Hamamatsu NanoZoomer S210
slide scanner.

RNA Scope

For the in situ hybridization, the RNAScope 2.5 HD Re-
agent Kit-RED from ACD was used following the supplier’s
protocol, while the incubation time in “target retrieval re-
agent,” peroxidase and AMP5 were adapted to the tissue. In
brief, slides were baked in a dry oven at 60°C, 60 minutes
followed by incubation in 2x 5 minutes in Xylene and 2x 2
minutes 100% ethanol at RT. After air drying, slides were
incubated with RNAscope hydrogen peroxide (10 minutes,
RT) and washed twice with distilled water. Slides were
transferred to preheated 1x target retrieval reagent and
boiled for 17 minutes at 98°C-102°C, followed by 5 minutes
washing in distilled water and once in 100% ethanol. Dried
slides were placed in a HybEZ slide rack and sections were
incubated with RNAscope Protease Plus for 22 minutes at
40°C and washed twice for 2 minutes in distilled water.
Prewarmed probe was hybridized to sample for 2 hours at
40°C. Slides were washed 2x 2 minutes in 1x wash buffer.
Next, slides were incubated with AMP1 (30 minutes, 40°C),
AMP2 (15 minutes, 40°C), AMP3 (30 minutes, 40°C), and
AMP4 (15 minutes, 40°C). Between each AMP-step slides
were washed with 1x wash buffer 2x 2 minutes. Then,
slides were incubated with AMP5 for 45 minutes at RT,
washed 2x 2 minutes in 1x wash buffer and incubated with
AMP6 for 15 minutes at RT and finally washed 2x 2 mi-
nutes with 1x wash buffer. Sections were incubated for 10
minutes at RT with RED working solution. Next, slides were
washed twice in distilled water. Sections were incubated in
50% hematoxylin for 5 minutes at RT, followed by washing
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in distilled water and short incubation in 0.02% ammonia
water until sections turn blue. Sections were washed with
water and dried at 60°C. Before mounting, sections were
shortly dipped in fresh xylene and finally mounted with
EcoMount. The purchased probes are listed in
Supplementary Table 6.

Analysis of RNAscope Data

Images of the in situ hybridization samples were recor-
ded with an Axion Scan.Z1 microscope (Zeiss) by the MPIIB
core facility microscopy. The images were processed with
the software ZEN, version 2.3 (blue edition) and Fiji Image].
The latter was used to count the number of signal spots of
the whole image and per defined region. Therefore, the tools
“colour deconvolution,” “threshold,” and “analyze particles”
were used. The glands from different images were aligned
and divided in 10 ROIs numbered from top to bottom. The
height of each ROI is approximately 55 um. Number of dots
were counted in each ROI and calculated in percentage to all
dots in all ROIs. The mean + SD of the percentage of each
ROI from 4 different pictures is plotted next to the graph.
Statistical analysis was performed an ordinary 1-way
ANOVA. Distribution of the signal between ROIs is statisti-
cally significant from a random distribution, P < .05) for
BMP4, BMP2, EGF, and TGFe. It is not significant (P = .25 for
the positive control RNAPOL2. A Tukey’s multiple compar-
ison test following the ANOVA revealed that values of ROI 3
in the stainings for BMP4, EGF, and TGF« are significantly
different compared to the signals of other ROIs. Details of
the Tukey’s multiple comparison test: BMP4: ROI 3 vs ROI 1,
5,6,7,9 (P < .05); BMP2: ROI 3 vs ROI 1, 5 (P < .05); EGF:
ROI 3 vs ROI 5, 6,7, 8,and 10 (P < .05); TGFa ROI 3 vs ROI
1, 4,5 6,7 8 9 and 10 (P < .05). All other pairwise
comparisons in the Tukey’s test are not significant.

Monitor of Acid Production by Parietal Cells
Using Acridine Orange

Two corpus mucosoid samples were taken at passage 4
in air-liquid interface and grown for 13 days in regular
medium (Supplementary table 2), followed by 2 weeks’
treatment with 50 ng/mL of BMP4 and removal of Noggin
and EGF. The mucosoids were preincubated with 1 um ac-
ridine orange for 15 minutes. The filter was cut out of the
insert and mounted with the cells facing the glass of a u-Dish
chamber (cat #81158; IBIDI) with 400 L of media (the same
with acridine orange). A coverslip was put on top. Images
were taken with 25x (glycerol) for 10 minutes to stabilize
the filter and avoid movements A solution of 10 uL of 5 mM
histamine in medium was applied to samples on the border
of the coverslip while imaging. Fluorescence of acridine or-
ange was excited at 488 nm (3%-4%) and images were
collected in a time series (10 seconds) at 500-550 nm and
600-650 nm. Pinhole was opened at 180-190 AU. Images
were analyzed by Fiji and corrected for (X-Y) drifts of the
sample. Pictures were generated by averaging the signal from
9 time points (90 seconds). The background-corrected 500-
550 nm/600-650 nm fluorescence emission ratio image was
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calculated and normalized to a value of 1 baseline of the first
pictures of the time series when no histamine was applied.

Microarray Analysis

Microarrays were hybridized for mucosoid cultures
derived from 3 different patients cultured in +W+R or -W-
R medium for 5 days followed by infection for 3 days in the
same condition. Filters with mucosoid cultures were dis-
solved in 1 mL Trizol (Life Technologies) and RNA isolated
per the manufacturer’s protocol. Quantity of RNA was
measured using NanoDrop 1000 UV-Vis spectrophotometer
(Kisker) and quality was assessed by Agilent 2100 Bio-
analyzer with an RNA Nano 6000 microfluidics kit (Agilent
Technologies). Microarray experiments were performed as
single-color hybridizations on custom whole genome human
8x 60K Agilent arrays (Design ID 048908) according to the
manufacturer’s instructions and Agilent Feature Extraction
software used to obtain probe intensities. The extracted
single-color raw data files were background corrected,
quantile normalized, and further analyzed for differential
gene expression using R and the associated BioConductor
package LIMMA.” Microarray gene expression comparisons
between groups were performed using paired test between
conditions. Microarray data have been deposited in the Gene
Expression Omnibus (www.ncbi.nlm.nih.gov/geo/) of the
National Center for Biotechnology Information and can be
accessed with the Gene Expression Omnibus accession
number GSE141660.

Mass Spectrometry Sample Preparation

The mucus samples were prepared according to the
filter-aided sample preparation method'’ and following the
modification published by Rodriguez-Pineiro et al.'* Sam-
ples were diluted with 200 uL 6M guanidinium hydrochlo-
ride in 0.1M Tris/HCl pH 8.5 (GuHCI) and 5 nonhuman
proteins (10 pmol/protein) were added to each sample as
an internal control. After reducing cysteines by adding 30
uL 0.1M dithiothreitol and incubation at 60°C for 20 mi-
nutes, the samples were transferred into MRCFOR030
Microcon-30 kDa centrifugal filters and washed with 200 uL
GuHCl. Alkylation was performed by adding 100 uL 0.05M
iodoacetamide and incubation at RT for 20 minutes in the
dark. After washing 2x with 100 uL GuHC], followed by 2x
100 uL 50 mM ammonium bicarbonate/5% acetonitrile, the
proteins were digested with 0.2 ug sequencing-grade
modified trypsin (V5111; Promega) in 40 uL 50-mM
ammonium bicarbonate/5% acetonitrile overnight at 37°C.
Peptide mixtures were acidified with trifluoroacetic acid to
0.5% (vol/vol), desalted using ZipTip C18 (Millipore, 0.6-uL
bed volume) and lyophilized.

Liquid Chromatography With Tandem Mass
Spectrometry Analysis

The samples were analyzed using a QExactive Plus mass
spectrometer (Thermo Fisher Scientific) coupled online to a
Dionex UltiMate 3000 RSLCnano System (Thermo Fisher
Scientific). After solubilization in 13 uL 2:98 (v/v)
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acetonitrile/water containing 0.1% trifluoroacetic acid, 10
uL of each sample was loaded on a C18 PepMap 100 trap
column (300 um x 5 mm; 5-um particle size 100-A pore
size; Thermo Fisher Scientific) at a flow rate of 20 uL/min
2:98 (v/v) acetonitrile/water containing 0.1% trifluoro-
acetic acid for preconcentration and desalting. Separation
was performed using an Acclaim C18 PepMap RSLC column
(75 pm x 250 mm; 2-um particle size 100-A pore size;
Thermo Fisher Scientific) at a flow rate of 300 nL/min. High-
performance liquid chromatography solvent A was 0.1% (v/
v) formic acid and peptides were eluted from the column
using high-performance liquid chromatography solvent B
80:20 (v/v) acetonitrile/water containing 0.1% formic acid
starting from 3%, increasing to 40 % in 85 minutes, and to
98% in 5 minutes. The peptides were analyzed in data-
dependent acquisition mode that alternated between 1
mass spectrometry scan and 10 tandem mass spectrometry
scans for the most abundant precursor ions. Mass spec-
trometry scans were acquired over a mass range of m/z
350-1600 and resolution was set to 70,000. Peptides were
fragmented using higher-energy collisional dissociation at
27% normalized collision energy and measured in the
orbitrap at a resolution of 17,500.

Protein Identification

Proteins were identified and quantified using the Max-
Quant software (version 1.626) searching the SwissProt
human sequence database (released 2018_11, 20412 en-
tries). Searches were performed using the following pa-
rameters: max. Missed cleavages 2; variable modifications
Oxidation (M); Acetyl (Protein N-term); pyro-Glu (GIn), and
carbamidomethylation of cysteines as fixed modification.
The false discovery rate was set to 0.01 for proteins, pep-
tides, and modified sites. The full list of proteins detected in
each condition analyzed is displayed in Supplementary
Table 7.
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Supplementary Figure 2. Lack of WNT and RSPO promotes foveolar differentiation in corpus mucosoids. (A) Corpus
mucosoids where depleted of WNT and RSPO from the cultivation media for 7 days and RNA was analyzed by quantitative
real-time polymerase chain reaction analysis to detect MUC5AC, MUCS6, and LGR5 expression. Results are expressed in log1o
fold-change relative to the +WNT +RSPO samples. (B) Immunofluorescence labeling against the foveolar marker MUC5AC
shows that expression is low in the +W+R condition and increases after W/R are withdrawn for 12 days (-W-R). In contrast,
expression of the basal marker MUCES is high in the +W+R condition and reduces dramatically after W/R are withdrawn for 12
days. (C) Quantification (mean + SD n = 4 biologic replicates) of MUC5AC and MUCS cells in (B). Scale bars: 10 um. (A, C) t

test, *P < .05; *P < .05; ***P < .0005.
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Supplementary Figure 3. Representative RNAscope in situ hybridization using probes detecting (A) BMP2, (B) EGF, (C) TGFA,
(D) POL2RA (positive control), and (E) DAPB (negative control). The left panels show the RNAscope signals and hematoxylin
counterstaining of human corpus gastric section. Scale bar: 50 um. The middle panels show the RNA signal deconvolution
(Supplementary Material) of the image of the left panels. The right panels show the quantification of the signal distribution from
4 or 5 aligned sections, divided in 10 ROIs (Supplementary Material). The distribution of the signals between the ROls is
statistically different from a random distribution for: BMP2, P = .00170; for EGF, P < .0001 and for TGFa, P < .0001 (1-way
ANOVA). The distribution of the signals between the ROIs in the positive control (POL2RA) is not significantly different from a
random distribution (P = .025, 1-way ANOVA).
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Supplementary Figure 4. Noggin preserves the MUC6™ neck cells from differentiation into foveolar cells. Titration of different
concentrations of Noggin for 12 days in the presence or absence of EGF (20 ng/mL). Quantitative real-time polymerase chain
reaction analysis of (A) MUC5AC, (B) MUCG6, and (C) LGR5. Results are expressed in fold-change relative to the samples in the
first column (150 ng/mL Noggin + EGF). Data represent technical triplicates of 1 sample set.
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Supplementary Figure 5. Expression of HK-ATPase-«a and Ezrin after BMP treatment. Mucosoids cultured -NOG + MEKi (2
uM) with or without BMP4 (50 ng/mL) treatment for 12 days were fixed and stained whole mount and visualized from top. (A)
An anti-HK-ATPase-« antibody was used to confirm that the subunit « of the ATPase H+/K+ pump is induced by BMP4 (the
subunit 8 is shown in Figure 5E). Nuclei were stained with Hoechst (in blue). Scale bar: 25 um. (B) An anti-Ezrin antibody was
used to stain membrane-cytoskeleton—associated structures. The staining shows an accumulation of signal on treatment with
BMP, suggesting the formation of tubolovesicles typical of parietal cells (green). Nuclei were stained with Hoechst (in blue).
Scale bar: 25 um. (C) Mucosoids cultured -NOG + MEKi (2 uM) + BMP4 (50 ng/mL) for 12 days were treated with acridine
orange and temporal changes in the ratio 625 nm/525 nm was measured (Supplementary Material) in response to histamine in
5 individual cells.

Normalised ratio 625nm/525nm
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Supplementary Figure 6. Expression of MIST1 is reduced by BMP4. Mucosoids (-NOG +EGF) were treated with an inhibitor
of MEK with or without BMP4 for 12 days. (A) Shown is quantitative real-time polymerase chain reaction for MIST1, expressed
as log10 fold-change relative to +NOGGIN +EGF control samples. **P < .005. (B) An anti-MIST1 antibody was used (green) for
immunofluorescence, nuclei were stained with Hoechst (in blue) and cell membranes associate proteins by using with anti-g1
integrin antibody (red). Scale bar: 25 um.
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Supplementary Table 1.Patient-Derived Gastric Tissue and Cultures and Their Use in This Study

Figure Panel No. of samples and tissue name No. of samples and culture name
1 A 1x? GAT26 —
1 B 1x GAT26A —
1 C 1x GAT26C —
1 D 1x GAT26A, 1x GAT26C —
1 E — 1x GAT16 A&C, 1x GAT24 A&C
1 F, G H — 1x GAT23A&C, 1x GAT24A&C,
1x GAT26A&C
2 A 1x GAT26C —
2 — 3x GAT23C, 3x GAT26C
2 C,D — 2x GAT17C, 2x GAT31C
2 E = 2x GAT23A, 2x GAT26C
2 F 1x GAT26C, 1x GAT26C, —
1x GAT29C
2 G 2x GAT26C, 2x GAT28C =
3 A B C — 2x or 3x GAT23C, 2x GAT26C
3 D — 3x or 4x GAT23C, 3x or 5x GAT26C
3 E, F — 2x GAT17C, 2x GAT31C
3 G 2x GAT25C, 2x GAT29C —
3 H I, J — 2x GAT23C, 2x GAT 26C
4 A 1x GAT26C —
4 B — 3x GAT23C, 2x GAT26C
4 C, D — 2x GAT23C, 2x GAT 26C
4 E — 2x GAT23C, 2x GAT26C
4 F — 2x GAT23C, 2x GAT26C
4 G H — 2x GAT26C
8 A — 1x GAT26C
5 B — 3x GAT23C, 2x GAT26C
8 C EF — 3x GAT23C, 2x GAT26C
5 D — 5x GAT 23C 4x GAT26C
5 G H — 2x GAT26C
5 i — 2x GAT28C
6 A J Details provided in Supplementary —
Table 3

7 A-C N/A —
S1 N/A —
S2 A — 1x GAT23C, 1x GAT24C, 1xGAT25C,

1x GAT26C
S2 B, C — 2x GAT17C, 2x GAT31C
S3 A-E 2x GAT26C, 2x or 3x GAT28C 1x GAT26C
S4 A-C — 1x GAT26A
S5 A B — 1x GAT17C, 1x GAT31C
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Figure Panel No. of samples and tissue name No. of samples and culture name

S5 C = 1x GAT28C

S6 A — 5x GAT23C, 4x or 5x GAT26C

Code Date of isolation Age, y Sex Comments

GAT16 07-14-2015 34 Male BMI: 56 kg/m?, Helicobacter
pylori-negative

GAT17 07-14-2015 30 Female BMI: 53 kg/m?, H pylori, not tested

GAT23 04-15-2016 55 Female BMI: 45 kg/m?, H-pylori -negative

GAT24 09-30-2016 47 Male BMI: 36 kg/m?, H pylori-negative

GAT25 01-17-2017 50 Female BMI: not available

GAT26 02-17-2017 69 Female BMI: 50 kg/m?, H-pylori-negative

GAT27 05-10-2017 36 Female BMI: 69 kg/m?, H-pylori-negative,
type 2 diabetes

GAT28 05-16-2017 32 Male BMI: 43 kg/m?, H-pylori-negative

GAT29 05-16-2017 43 Female BMI: 48 kg/m?, H-pylori-negative

GAT30 04-12-2017 53 Female BMI: 58 kg/m?, H-pylori-negative

GAT31 03-22-2019 42 Male BMI: 60 kg/m?, H-pylori, not tested

A, antrum; BMI, body mass index; C, corpus; GAT, gastric adipose tissue; N/A, Not Applicable.
Numbers (eg, 1x, 2x) indicate the number of times that the specific tissue or mucosoid was used in an experiment.

Supplementary Table 2. Composition of the Culture Medium

Concentration

Manufacturer Code

Advanced DMEM/F12

Conditioned Wnt3A-medium

Conditioned R-spondin1 medium

HEPES

Glutamax

B27
N2

Human EGF

Human NOGGIN (Peprotech)
Human fibroblast growth factor 10
Nicotinamide

Human gastrin

A83-01

Y-27632°

18.45% v/v
50% v/v
25% v/iv
10 mM
1% v/iv
2% v/v
1% viv
20 ng/mL

150 ng/mL

150 ng/mL
10 mM

10 nM
1uM
7.5 uM

Thermo Fisher 12634

Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher

Thermo Fisher

Peprotech
Peprotech
Sigma
Sigma
Calbiochem

Sigma

15630-056
35050-087
17504044
17502048
PHGO0311
120-10C-1000
100-26-1000
N0636
G9145
616454
Y0503

DMEM, Dulbecco’s modified Eagle medium.

2After the third day the concentration is reduced to 1.5 uM.
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Supplementary Table 3.Continued

Antrum Incisura Corpus
H pylori
ID Sex Age,y Group status® Activity Chronicity Atrophy IM Activity Chronicity Atrophy IM Activity Chronicity Atrophy IM OLGA OLGIM
55 M 61 N 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
56 F 31 N 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
68 M 52 N 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

NOTE. See main text for scoring of the other parameters, as well as Operative Link on Gastritis Assessment (OLGA) and Operative Link on Gastric Intestinal Metaplasia
Assessment (OLGIM) staging.

CG, chronic gastritis without atrophy; F, female; IM, intestinal metaplasia; M, male; N, normal without inflammation.

40 = negative, 1 = serology positive, 2 = serology and direct proof by histology, microbiology, or rapid urease test.
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Supplementary Table 4.Histology
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Antibody Host Dilution Manufacturer Code
HK-ATPase-3 Mouse 1:100 Abcam 2G11
E-Cadherin Mouse 1:100 BD Bioscience 610181
Ki67 Mouse 1:100 Cell Signaling 805
Ki67 Rabbit 1:100 Cell Signaling D2H10
MUC6 Rabbit 1:100 Abcam ab49462 and ab223846
MUCS5AC Mouse 1:100 Abcam ab3649
Noggin Mouse 1:100 Santa Cruz 2C10; sc-293439
Pepsinogen Il Sheep 1:100 Abcam ab9013
Pepsinogen C Rabbit 1:100 Sigma HPA031718
B-catenin Rabbit 1:100 Sigma-Aldrich C2206
MIST1/bHLHa15 Rabbit 1:50 Cell Signaling 14896T
Integrin 1 Mouse 1:50 Abcam ab30394
HK-ATPase-« Rabbit 1:200 Abcam ab122537
Ezrin Rabbit 1:200 Cell Signaling 3145
EGF Rabbit 1:50 NovisBio NBP1-19806
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Supplementary Table 5.Primers

Gastroenterology Vol. 161, No. 2

Supplementary Table 6.RNA Scope Probes

Gene name Primers Target Reactivity Cat no. Supplier
GAPDH Sequence (5’ — 3/) BMP2 Human 430641 ACD Bio-Techne
Forward primer GGTATCGTGGAAGGACTCATGAC .
Reverse primer ATGCCAGTGAGCTTCCCGTTCAG ~ BMP4 i el AOD Bl T
Clorf43 Sequence (5' — 3 EGF Human 606771 ACD Bio-Techne
Forward primer GGTGAATGTCGTGCTGGTG TGFA Human 313131 ACD Bio-Techne
Reverse primer GGGATCTCAGAGGTACGAATGG
POLR2A Human 310459 ACD Bio-Techne
PGC Sequence (5’ — 3))
TGTCTTTGGGGGTGTGGATAG DapB Bacteria 312038 ACD Bio-Techne

Forward primer
Reverse primer

MUC6
Forward primer
Reverse primer

MUC5AC
Forward primer
Reverse primer

ATP4B
Forward primer
Reverse primer

ID1
Forward primer
Reverse primer

LGR5
Forward primer
Reverse primer

BMP4
Forward primer
Reverse primer

EGF
Forward primer
Reverse primer

AREG
Forward primer
Reverse primer

HBEGF
Forward primer
Reverse primer

MIST1
Forward primer
Reverse primer

ATGAGGAACTCTTCAATGCCAATC

Sequence (5' — 3/)
CAGCTCAACAAGGTGTGTGC
TGGGGAAAGGTCTCCTCGTA

Sequence (5’ — 3/)
GGAGGTGCCCACTTCTCAAC
CTTCAGGCAGGTCTCGCTG

Sequence (5’ — 3/)
TGGGTGTGGATCAGCCTGTA
CTGGTCTTGGTAGTCCGGTG

Sequence (5’ — 3)
GTGCTGCTCTACGACATGAAC
CTTCAGCGACACAAGATGCG

Sequence (5° — 3/)
CTCCCAGGTCTGGTGTGTTG
GCTCGCAATGACAGTGTGTG

Sequence (5’ — 3')
TAGCAAGAGTGCCGTCATTCC
GCGCTCAGGATACTCAAGACC

Sequence (5" — 3)
GACCGGAAGTACTGTGAAGATGTT
ATTGCGTGGACAGGAAACAAG

Sequence (5’ — 3/)
ATTTCGGTGAACGGTGTGGG
CGTATTGTCTTCTAAGCTGGACTG

Sequence (5° — 3/)
CACTGTATCCACGGACCAGC
GGCTTGGAGGATAAAGTGACTCTC

Sequence (5" — 3/)
CGGATGCACAAGCTAAATAACG
GCCGTCAGCGATTTGAGTAG
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