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In brief

Clevers and colleagues investigated the
differentiation and function of human
BEST4/CA7" cells using in vitro intestinal
organoid models, which help reveal these
cells’ responses to various niche factors,
cytokines, and bacterial toxins, as well as
their key roles in electrolyte homeostasis.
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SUMMARY

BEST4/CA7" cells of the human intestine were recently identified by single-cell RNA sequencing. While their
gene expression profile predicts arole in electrolyte balance, BEST4/CA7* cell function has not been explored
experimentally owing to the absence of BEST4/CA7" cells in mice and the paucity of human in vitro models.
Here, we establish a protocol that allows the emergence of BEST4/CA7* cells in human intestinal organoids.
Differentiation of BEST4/CA7* cells requires activation of Notch signaling and the transcription factor SPIB.
BEST4/CA7"* cell numbers strongly increase in response to the cytokine interferon-y, supporting a role in im-
munity. Indeed, we demonstrate that BEST4/CA7* cells generate robust CFTR-mediated fluid efflux when
stimulated with bacterial diarrhea-causing toxins and find the norepinephrine-ADRA2A axis as a potential
mechanism in blocking BEST4/CA7* cell-mediated fluid secretion. Our observations identify a central role

of BEST4/CA7* cells in fluid homeostasis in response to bacterial infections.

INTRODUCTION

BEST4/CAT7* cells represent a small fraction of human intestinal
epithelial cells. They were recently identified as specialized en-
terocytes through high-throughput single-cell RNA sequencing
(scRNA-seq) and are defined by signature genes such as
BEST4, SPIB, CA7, and CFTR."® Properties of BEST4/CA7*
cells have been predicted based on their gene expression pro-
file: the expression of BEST4 and CFTR, which both encode
CI~/HCO;~ channels,”® predicts a function in anion transport,
while the expression of OTOP2, a proton-conducting ion chan-
nel,’ suggests that these cells may sense acid.® To date, differ-
entiation and function of BEST4/CA7* cells have not been stud-
ied experimentally as the mouse intestine does not harbor a
BEST4/CA7* cell counterpart,'® and stable in vitro models of hu-
man BEST4/CA7" cells have not been described.

Bacterial diarrheal toxins cause an imbalance of ion absorp-
tion or secretion across the gut epithelium, resulting in the move-
ment of water to restore appropriate ion concentrations.’'' CFTR,
a CI7/HCO3™ channel, is among the best-known targets of diar-
rhea-causing pathogens through a variety of mechanisms.”"
Given the small numbers of BEST4/CAT7* cells in gut epithelium,
it has remained unclear whether these cells, as CFTR-high ex-
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pressers, directly contribute to the ion homeostasis and whether
their numbers increase in response to the signals induced by
bacterial infections. In this study, we investigate the properties
of BEST4/CAT7" cells by creating genetically modified human in-
testinal organoid models and identify the BEST4/CA7* cells as a
type 1immune-responsive cell type that controls electrolyte/fluid
homeostasis and represents a cellular target of bacterial diar-
rheal toxins in human intestine.

RESULTS

A human intestinal organoid model containing BEST4/
CA7" cells

The originally described human intestinal organoids are cultured
with a defined set of growth factors (Figure 1A, referred to as
“expansion medium”) to maintain long-term self-renewing stem
cells and transient amplifying (TA) cells.'? These conditions only
allow limited differentiation of the various cell lineages.'® To define
culture conditions for organoids containing BEST4/CA7* cells, we
removed the self-renewal factors (i.e., surrogate WNT,* Noggin,
EGF, A83-01, SB202190, prostaglandin E2, and nicotinamide)
from the growth factor cocktail (Figure 1A). This medium, termed
“differentiation medium,” induced robust stem cell differentiation
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Figure 1. A human intestinal organoid model containing BEST4/CA7" cells
(A) Schematic of organoid expansion and differentiation. Medium compositions for organoid expansion and differentiation are listed (see also STAR Methods).
Representative cell types in the cultured organoids are indicated. EGF, epidermal growth factor; NAC, N-acetyl-L-cysteine; PGE2, prostaglandin E2; NIC,

nicotinamide; RSPO1, R-spondini.

(B) gPCR analysis of a set of BEST4/CA7" cell markers in colon organoids cultured in expansion or differentiation medium. n = 3 biological replicates. Data are
presented as mean + SD. Paired, two-tailed t test is used for comparisons. **p < 0.001, **p < 0.01, *p < 0.05.

(C and D) Representative images of colon (C) and small intestine (D) organoids cultured in differentiation medium. BEST4/CA7* cells are marked by whole-mount
immunofluorescence staining of an antibody against BEST4 (green). Scale bars, 50 pm.

See also Figure S1.

toward multiple cell lineages within 6-8 days (Figure S1A). The
expression of a set of intestinal cell-type markers (see below)
was compared between expansion and differentiation condition
by quantitative polymerase chain reaction (QPCR) analysis (Fig-
ure S1A). Efficient induction of the major intestinal cell types
was thus achieved, as indicated by the induced expression of en-
terocyte (marked by CYP3A4, CD36, and FABPT), goblet cell
(marked by MUC2 and TFF3), and enteroendocrine cell (EEC,
marked by CHGA and TPH1) markers (Figure S1A). Existence of
EECs and goblet cells was further confirmed by whole-mount
immunofluorescence staining using a CHGA antibody in reporter
organoids in which goblet cells were genetically labeled by a
MUC2-mNeonGreen knockin allele’® (Figures S1B and S1C). As
expected, we observed reduced expression of stem cell (marked
by LGR5 and OLFM4) and TA cell (marked by MKI67 and PCNA)
marker genes after removal of the self-renewal factor cocktail
(Figure S1A). Expression of POU2F3 and AVIL—marker genes
for tuft cells, a rare intestinal epithelial cell type —was not induced

in our organoid model owing to the absence of interleukin-4/13
(IL-4/-13), key factors for tuft cell formation'® (Figure S1A).

By integrating and re-analyzing several published scRNA-
seq datasets,”'’~'® we defined a core set of BEST4/CA7" cell
markers (i.e., BEST4, CA7, and SPIB) (Figures S1D and S1E).
Induced expression of these BEST4/CA7* cell markers was de-
tected by gPCR analysis, implying the existence of this rare cell
type in the differentiated organoids (Figure 1B). Immunofluores-
cence staining using a BEST4 antibody confirmed the presence
of BEST4/CA7™ cells in both colon and small intestine organo-
ids derived from multiple unrelated donors (Figures 1C and 1D).

Generation of BEST4/CA7"* cell reporter organoids

For better visualization and further study of BEST4/CAT7* cells,
we generated reporter organoids by knocking in a P2A-tdTo-
mato cassette at the C terminus of the CA7 gene (Figures 2A
and S1F), using a CRISPR-assisted non-homologous end joining
(NHEJ) approach.?®?" Successful knockin at the CA7 locus was
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Figure 2. Characterization of BEST4/CA7" cells using knockin reporter organoids

(A) lllustration of the knockin reporter organoids containing a P2A-tdTomato cassette inserted at the C terminus, before the stop codon, of the CA7 gene.

(B) Representative images of CA7-P2A-tdTomato reporter organoids cultured in differentiation medium. Whole-mount immunofluorescence staining with an-
tibodies against CA7 or BEST4 confirms faithful reporter activity in labeling BEST4/CA7* cells. Scale bars, 50 um. The percentage of overlap between tdTomato
fluorescence and antibody staining signals is shown.

(C) Representative FACS analysis of BEST4/CA7" cell percentage in CA7-P2A-tdTomato reporter organoids cultured in differentiation medium.

(D) gPCR analysis of BEST4/CA7* cell markers (NOTCH2, ADRA2A, BEST4, CA7, and SPIB) in sorted tdTomato™ and tdTomato~ cells. n = 3 biological replicates.
Data are presented as mean + SD. Paired, two-tailed t test is used for comparisons. **p < 0.001, **p < 0.01.

(E) scRNA-seq analysis of 329 cells derived from the colon organoids grown in differentiation medium. (Left) Cell clusters are visualized in a uniform manifold
approximation and projection (UMAP) plot and colored by different intestinal cell types. Cell numbers are shown in brackets under each indicated cell type. To
enrich the BEST4/CA7" cells for sequencing, tdTomato* and tdTomato™ cells are sorted from differentiated reporter organoids in 3:1 ratio in cell numbers (see
also STAR Methods). (Right) Expression levels and distributions of EEC and goblet cell markers are shown in UMAP plots. The colors, ranging from blue to red,
indicate low to high relative gene expression levels.

(F) Dot plot showing the expression of a set of markers for enterocytes and BEST4/CA7* cells. The color encodes the scaled average expression level across all
cells within a cell cluster, and the size of dot encodes the percentage of cells within a class.

(G) Representative images of CA7-P2A-tdTomato reporter organoids cultured in differentiation medium and co-stained with a BEST4 antibody. n = 2 small
intestine (Sl) organoid lines are shown. Scale bars, 50 pm.

(H) gPCR analysis of a set of BEST4/CA7* cell markers in FACS-sorted tdTomato* cells from CA7-P2A-tdTomato reporter organoids derived from colon and SI.
For each organoid line, n = 3 biological replicates. Data are presented as mean + SD. One-way ANOVA with Dunnett’s test is used for multiple comparisons to the
P11N (Colon) group. ****p < 0.0001.

See also Figure S1.
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Figure 3. Notch dependency for BEST4/CA7" cell differentiation

(A-C) Representative FACS analysis (A) and quantification of BEST4/CA7* cells (B and C) in CA7-P2A-tdTomato reporter organoids cultured in differentiation
medium (Ctrl) or after adding different niche factors during differentiation. n = 3 reporter organoid lines derived from colon and small intestine (Sl) are used. FACS
quantitation in this study is based on the percentage of reporter fluorescence* cells among the total DAPI~ live cells (see also STAR Methods). For each factor, n =
3 biological replicates. Data are presented as mean + SD. One-way ANOVA with Dunnett’s test is used for multiple comparisons to the Ctrl group. ***p < 0.0001.
(D) Representative images of CA7-P2A-tdTomato reporter organoids cultured in differentiation medium (Ctrl) or after adding DAPT during differentiation. BEST4/
CAT7* cells are labeled by tdTomato fluorescence and immunofluorescence staining with an antibody against BEST4 (green). Scale bars, 50 um. n = 3 reporter
organoid lines derived from colon and Sl are shown.

(legend continued on next page)
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validated by targeted genotyping (Figures S1F and S1G; see also
STAR Methods), and correct labeling of BEST4/CA7™ cells was
confirmed by whole-mount immunofluorescence staining using
both CA7 and BEST4 antibodies (Figure 2B). Fluorescence-acti-
vated cell sorting (FACS) revealed the presence of approximately
1% tdTomato* cells in the differentiated organoids (Figure 2C).
These tdTomato* cells expressed multiple BEST4/CA7* cell
markers as demonstrated by FACS sorting followed by gPCR
analysis (Figure 2D). Then, BEST4/CA7" cells (tdTomato*) were
enriched by FACS sorting for scRNA-seq analysis, as were
BEST4/CA7~ (tdTomato™) cells. After filtering out low-quality
cells (Figure S1H), four major cell clusters (representing entero-
cytes, EECs, goblet cells, and BEST4/CAT7* cells) were identified
and annotated based on their signature genes (Figures 2E, 2F,
and S1l). BEST4/CAT7* cells expressed a set of markers consis-
tent with published scRNA-seq datasets generated from primary
human intestine (Figure 2F, compared with Figure S1E), and they
could be readily distinguished from the enterocytes (Figure 2F).

Notably, small-intestinal BEST4/CA7* cells specifically ex-
press ADGRG4, KRT72, CPA2, and CFTR (Figure S1E). CFTR
encodes a CI7/HCO3;™ channel and is mutated in cystic fibrosis
(CF) patients.”*? Of importance to this study, we next generated
BEST4/CA7* cell reporter organoids (CA7-P2A-tdTomato) from
two small intestine organoid lines. Correct labeling of BEST4/
CAT* cells in the reporter lines was also validated by both immu-
nofluorescence staining using BEST4 antibody (Figure 2G) and
gPCR analysis of the BEST4/CA7* cell markers in FACS-sorted
CA7-tdTomato* cells (Figure S1J). Next, BEST4/CA7* cells
(tdTomato*) were FACS sorted from the colon and small intes-
tine organoids, respectively, and their marker gene expression
was compared by gPCR analysis (Figure 2H). BEST4/CA7™ cells
derived from small intestine organoids expressed higher levels of
CFTR, ADGRG4, KRT72, and CPA2 (Figure 2H). We concluded
that differentiated intestinal organoids contain genuine BEST4/
CA7* cells.

Notch signaling is essential for BEST4/CA7" cell
differentiation

Homeostasis of gut epithelium is maintained by cooperation of
multiple niche signals.”® Using reporter organoids, the effects of
these signaling pathways on BEST4/CA7* cell generation were
evaluated and quantified by FACS analysis. Factors representing
different niche signals were added to the culture medium during
differentiation. Addition of surrogate WNT protein, an essential
factor for organoid expansion, strongly inhibited BEST4/CA7*
cell differentiation (Figures 3A and 3B). Similarly, the y-secretase
inhibitor DAPT completely blocked BEST4/CA7* cell differentia-
tion, indicating an essential role of Notch signaling for BEST4/
CAT"* cell generation (Figures 3A and 3B). This agreed with the
notion that BEST4/CAT7* cells are closely related to enterocytes,
as the latter are also uniquely dependent on Notch signaling.>*
Indeed, a trajectory analysis based on scRNA-seq data predicted
BEST4/CA7" cells to originate from the absorptive lineage.®

Cell Stem Cell

These results were confirmed in two small intestine organoid
lines from unrelated donors (Figures 3C and 3D). Activation of
Notch signaling requires direct cell-to-cell communication be-
tween neighboring cells.?® BEST4/CA7" cells highly express the
Notch signaling receptor NOTCH2 (Figures 2D, 2F, S1E, and
S1J) and are typically located adjacent to goblet cells in vivo.*
Of note, goblet cells express Notch ligands.** We observed this
unigue spatial localization pattern in BEST4/CA7* and goblet
cell double-reporter organoids (Figures 3E-3G). While BEST4/
CAT" cells are closely related to enterocytes, bone morphoge-
netic protein-2/4 (BMP-2/4), which promotes the maturation of
enterocytes,'® reduced BEST4/CA7* cell frequency during
differentiation. In contrast, noggin, a BMP-inhibitory protein, pro-
moted BEST4/CA7* cell generation (Figures 3A-3C). Interest-
ingly, BEST4/CAT7* cells express high levels of FKBP1A (FK506-
binding protein, also known as FKBP12) (Figures 2F and S1E).
FKBP1A functions as the endogenous rapamycin-binding protein
that mediates inhibition of mammalian target of rapamycin
(MTOR) signaling.”’*® The addition of rapamycin strongly in-
hibited BEST4/CA7* cell differentiation, suggesting a potential
pharmacological strategy for the endogenous control of BEST4/
CA7" cell pool. Activation of mTOR by MHY-1485 increased
the numbers of BEST4/CA7* cells in differentiated organoids
(Figures 3A-3C).

Absence of BEST4/CA7" cells in SPIB knockout
organoids
BEST4/CA7* cells derived from primary tissue specifically ex-
press the transcription factor (TF) SPIB (Figure S1E), and SPIB is
also expressed by the organoid BEST4/CA7* cells (Figures 2D,
2F, and S1J). To evaluate its role in cell fate determination, SPIB
knockout (SPIB-KO) organoids were generated using CRISPR?®
(see STAR Methods for details). KO of SPIB resulted in complete
loss of BEST4/CA7" cells in the organoids (Figures 4A-4C). We
excluded the possibility of CRISPR off-target effect by introducing
a doxycycline (Dox)-inducible SPIB-overexpression (SPIB-OE)
construct into these SPIB-KO organoids, which specifically
rescued the phenotype of BEST4/CA7* cell loss (Figures 4D and
4E). Whole-mount immunofluorescence staining with the BEST4
antibody (Figure 4F) and gPCR analysis of expression of multiple
BEST4/CAT7" cell markers (Figure 4G) further confirmed the loss of
the BEST4/CA7" cell population in these SPIB-KO organoids,
rather than simply the loss of the CA7 (tdTomato) marker. The
SPIB-KO effect on BEST4/CA7" cell generation was then vali-
dated in the small intestine organoids derived from a second
donor (Figures 4H and 4l).

gPCR analysis showed that expression of the marker genes of
SPIB™ cell lineages (including enterocytes, goblet cells, and
EECs) was not affected by the loss of SPIB (Figure 4J). It has pre-
viously been reported that SPIB is functionally required for
mouse tuft and microfold (M) cells.*°? Both cell types, however,
are absent in the wild-type (WT) organoids grown in differentia-
tion medium, which lacks the key factors for tuft or M cell

(E and F) Schematic (E) and representative images (F) of CA7-P2A-tdTomato; MUC2-mNeonGreen double-reporter organoids cultured in differentiation medium.
Goblet cells and BEST4/CAT7* cells are marked by mNeonGreen (mNeon) and tdTomato fluorescence, respectively. Asterisks mark BEST4/CA7* cells that are in

proximity to goblet cells. Scale bars, 50 um.

(G) Proportions of goblet cell-attached BEST4/CA7* cells in BEST4/CA7* cell population. n = 23 organoids are quantified. Each dot represents one organoid. Data

are presented as mean + SEM.
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Figure 4. Absence of BEST4/CA7" cells in SPIB knockout organoids

(A) Representative images of differentiated CA7-P2A-tdTomato; MUC2-mNeonGreen double-reporter organoids with SPIB-KO. A wild-type (WT) organoid is
shown for comparison. Goblet cells and BEST4/CA7* cells are marked by mNeonGreen (mNeon) and tdTomato fluorescence, respectively. Scale bars, 50 um.
(B and C) Representative FACS analysis (B) and quantification of BEST4/CA7* cells (C) in differentiated WT or SPIB-KO double-reporter organoids. BEST4/CA7*
cells are marked by tdTomato fluorescence. n = 2 different KO organoid lines are generated. For each SPIB-KO organoid line, n = 3 biological replicates. Data are
presented as mean + SD. One-way ANOVA with Dunnett’s test is used for multiple comparisons to the WT group. ****p < 0.0001.

(D and E) Representative FACS analysis (D) and quantification of BEST4/CA7* cells (E) in differentiated SPIB-KO reporter organoids, w/wo Dox-induced SPIB
overexpression. BEST4/CA7* cells are marked by tdTomato fluorescence, and SPIB-overexpressing cells are marked by EGFP fluorescence. n = 3 biological
replicates. Data are presented as mean + SD. One-way ANOVA with Dunnett’s test is used for multiple comparisons to the no Dox group. ****p < 0.0001; n.s., no
significance.

(F) Representative images of differentiated CA7-P2A-tdTomato reporter organoids with SPIB-KO. A WT organoid is shown for comparison. BEST4/CA7* cells are
marked by tdTomato fluorescence and immunofluorescence staining with an antibody against BEST4 (green). Scale bars, 50 um.

(G) gPCR analysis of BEST4/CAT7* cell markers in differentiated WT or SPIB-KO organoids. n = 3 biological replicates. Data are presented as mean + SD. One-way
ANOVA with Dunnett’s test is used for multiple comparisons to the WT group. ***p < 0.0001.

(H and I) Representative images (H) and quantification of BEST4/CA7" cell numbers (1) in differentiated WT or SPIB-KO small intestine (SI) organoids. BEST4/CA7*
cells are labeled by whole-mount immunofluorescence staining with an antibody against BEST4 (green). Scale bars, 50 um. n = 2 different KO organoid lines are
generated. n =28 (in WT group) or 20 (in SPIB-KO groups) organoids are quantified. Each dot represents one organoid. Data are presented as mean + SEM. One-
way ANOVA with Dunnett’s test is used for multiple comparisons to the WT group. ***p < 0.0001.

(J) gPCR analysis of a set of intestinal cell-type markers in differentiated WT or SPIB-KO organoids. n = 3 biological replicates. Data are presented as mean + SD.
One-way ANOVA with Dunnett’s test is used for multiple comparisons to the WT group. n.s., no significance.
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Figure 5. BEST4/CAT7* cell amplification in response to type 1 immune factor IFN-y

(A) Representative FACS analysis of BEST4/CA7* cells in CA7-P2A-tdTomato reporter organoids cultured in differentiation medium (referred to as the “Ctrl”
condition) or after adding IFN-y during differentiation.

(B) FACS quantification of BEST4/CA7* cells in CA7-P2A-tdTomato reporter organoids cultured in differentiation medium (Ctrl) or after adding different in-
flammatory factors during differentiation. For each factor, n = 3 biological replicates. Data are presented as mean + SD. One-way ANOVA with Dunnett’s test is
used for multiple comparisons to the Ctrl group. ***p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; n.s., no significance.

(C) FACS quantification of BEST4/CA7* cells in differentiated CA7-P2A-tdTomato reporter organoids cultured for different days w/wo IFN-y treatment. n = 3
biological replicates for each time point. Data are presented as mean + SD. Unpaired, two-tailed t test is used for comparisons. ****p < 0.0001.

(D) FACS quantification of BEST4/CAT7* cells in differentiated CA7-P2A-tdTomato reporter organoids in response to different doses of IFN-y. n = 3 biological
replicates for each dose. Data are presented as mean + SD. One-way ANOVA with Dunnett’s test is used for multiple comparisons to the no IFN-y group.
****p < 0.0001, **p < 0.001.

(E) Representative images of CA7-P2A-tdTomato; MUC2-mNeonGreen double-reporter organoids cultured in differentiation medium (Ctrl) or after adding IFN-y
during differentiation (referred to as the “IFN-y” condition). Goblet cells and BEST4/CA7* cells are marked by mNeonGreen (mNeon) and tdTomato fluorescence,
respectively. Scale bars, 50 um.

(F and G) Representative images of differentiated CA7-P2A-tdTomato reporter organoids cultured in Ctrl or IFN-y condition (F). BEST4/CA7" cells are marked by
tdTomato fluorescence and immunofluorescence staining with an antibody against BEST4 (green). Scale bars, 50 um. The percentage of overlap between
tdTomato fluorescence and BEST4 antibody staining signals is shown in (G).

(H) scRNA-seq analysis of differentiated organoid cells cultured in Ctrl or IFN-y condition. Cell clusters are visualized in UMAP plots and colored by different
intestinal cell types. The integrated view (left, same as in Figure 2E) and split view (right) are shown. Cell numbers are shown in brackets under each indicated cell

(legend continued on next page)
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differentiation: formation of tuft cells requires IL-4/1 3, while for-
mation of M cells relies on the receptor activator of nuclear factor
k-B ligand (RANKL).***® For the subsequent functional studies
on BEST4/CAT7* cells, we analyzed differentiated SPIB-KO orga-
noids (specifically lacking BEST4/CA7™ cells) in comparison with
differentiated WT organoids (containing BEST4/CAT7* cells).

BEST4/CA7"* cell amplification in response to type 1
immune factor IFN-y

BEST4/CA7" cells represent arare cell population in healthy gut
epithelium. Previous studies have shown that tuft cells and M
cells, two other SPIB-expressing cell types®*~>? (Figure S1E),
increase their numbers in response to specific inflammatory
signals: tuft cell amplification is induced by type 2 immune fac-
tors 1L-4/13 during parasitic infections,'®**% while M cell dif-
ferentiation requires RANKL.*>**3" We investigated whether
BEST4/CA7* cell generation was similarly sensitive to inflam-
matory signals. By screening a set of cytokines in our BEST4/
CAT" cell reporter organoids, we identified the type 1 immune
factor interferon-y (IFN-y) to strongly increase BEST4/CA7*
cell numbers as visualized in the CA7 knockin reporter organo-
ids, i.e., by >8-fold (Figures 5A-5E and S2A). The effect of IFN-vy
was further confirmed by dose-response and time-course ex-
periments (Figures 5C and 5D). While most of the other tested
inflammatory factors only slightly affected BEST4/CA7* cell
generation (with changes of less than 2-fold), we observed
that IL-22 also increased BEST4/CA7" cell numbers, yet to a
lesser extent (~3.3-fold) than IFN-v. In contrast, tumor necrosis
factor alpha (TNF-a) strongly inhibited BEST4/CA7* cell differ-
entiation (~3.6-fold) (Figures 5A, 5B, and S2A).

We further focused on the effect of IFN-y and confirmed our
observation by co-staining with a BEST4 antibody to exclude the
possibility of IFN-y-induced CA7 gene expression (Figures 5F
and 5G). The IFN-vy effect was then validated in small intestine or-
ganoids derived from three unrelated donors (Figures S2B-S2D).
We next analyzed the effect of IFN-y in reporter organoids, in
which EECs were genetically labeled by a CHGA-IRES-iRFP670
knockin allele,®® and goblet cells were labeled by a MUC2-mNeon-
Green knockin allele.'® No significant changes were observed in
the two secretory cell lineages, indicating that IFN-y-induced
cell expansion was specific to the BEST4/CA7* cell population
(Figures S2E-S2@). In addition, the BMP proteins BMP-2/4, Notch
signaling inhibitor DAPT, and mTOR signaling inhibitor rapamycin
still suppressed BEST4/CAT7* cell differentiation in the presence of
IFN-y (Figure S2H). Notably, IFN-y-induced BEST4/CA7" cell
expansion remained fully SPIB dependent, as it was completely
blocked in SPIB-KO organoids (Figure S2H).

We noticed that IL-4 and RANKL, reported to induce tuft cells
and M cells, respectively, '®°*® exhibited strong inhibitory ef-
fects on BEST4/CA7"* cell differentiation (Figures 5B, S3A, and
S3B). It thus appeared that differentiation toward the three
SPIB* cell types is under the control of specific immune signals.
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To further validate these findings, we generated knockin re-
porter organoids based on SPIB expression (Figures S3C and
S3D; see also STAR Methods), in which all SPIB* cell types
were labeled and could be individually distinguished by immu-
nostaining of cell-type markers. Consistent with the qPCR re-
sults shown in (Figures 1B and S1A), all SPIB™ cells in organoids
cultured in differentiation medium were BEST4/CA7* cells,
while AVIL* tuft cells were absent (Figures S3E and S3F). Addi-
tion of IL-4 completely switched the SPIB* cell lineages from
BEST4/CA7" cells to AVIL" tuft cells (Figures S3E and S3F).
Similarly, adding RANKL resulted in generating over 60% of
SPIB* cells, of which 2% were GP2* mature M cells (Fig-
ure S3G). No BEST4/CA7* cell could be detected in RANKL-
treated organoids (Figure S3H). AVIL* tuft cells were also absent
in these organoids (Figure S3I). We concluded that these SPIB*
GP2~ cells represent immature M cells, as evidenced by the
expression of immature M cell markers®**%*° such as CCL23,
TNFAIP2, and SOX8 in this population (Figure S3J). Of note,
these results did not support the conclusion from a previous
study based on scRNA-seq analysis, in which the differentiation
trajectory of BEST4/CA7™ cells would go through an M-like cell
state.”

Although SPIB appeared crucial for BEST4/CA7* cell genera-
tion, its overexpression alone was not sufficient to induce a
BEST4/CAT7* cell lineage, as the percentage of BEST4/CA7T*
cells increased by only 1.6-fold in SPIB-overexpressing cells
(Figures 4D and 4E). Therefore, we also examined the cell-
type-specific markers for the other two SPIB* cell lineages in
these SPIB-overexpressing cells. While the immature M cell
marker CCL23 was strongly upregulated after SPIB overexpres-
sion, other immature M cell markers, such as SOX8 and
TNFAIP2, as well as the mature M cell marker GP2, remained un-
changed (Figure S3K). This indicated that SPIB overexpression
was also not sufficient to induce M cell differentiation, even
though CCL23 is a direct target of SPIB. These findings are
consistent with a previous study in mice, showing that Sox8 is
another essential TF for the generation of Gp2* mature M cells,
but the expression of Sox8 is not regulated by Spib.*° Further-
more, SPIB overexpression failed to induce tuft cells, as neither
the expression of tuft cell master regulator POU2F3 nor the tuft
cell marker AVIL was upregulated (Figure S3K). Thus, while
SPIB was necessary for the generation of the three SPIB-ex-
pressing cell types, it was not sufficient on its own and likely re-
quires additional TFs for complete differentiation.

scRNA-seq analysis of IFN-y-induced BEST4/CA7"* cells

For a comparison at the transcriptome level, tdTomato* and
tdTomato ™ organoid cells cultured in differentiation medium +/—
IFN-y were FACS sorted for scRNA-seq analysis. BEST4/CA7*
cells cultured in these two conditions clustered together (Fig-
ure 5H), while IFN-y-induced BEST4/CA7* cells exhibited similar
expression levels of BEST4/CA7* cell markers, compared with

type. BEST4/CA7* (tdTomato*) and BEST4/CA7~ (tdTomato™) cells in Ctrl or IFN-y condition are enriched in 3:1 ratio in cell numbers by FACS sorting (see also

STAR Methods).

(I) Violin plots showing similar expression levels of BEST4/CA7* cell markers between Ctrl and IFN-y-induced BEST4/CA7* cells.
(J) UMAP plots showing the expression levels and distributions of proliferation markers (MKI67 and TOP2A) in organoid-derived cells grown in Ctrl or IFN-y
condition. The colors, ranging from blue to red, indicate low to high relative gene expression levels.

See also Figures S2-S4.
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Figure 6. BEST4/CAT7* cells control electrolyte/fluid homeostasis

(A and B) Immunohistochemistry (IHC) staining with antibodies directed against CFTR (A) or GUCY2C (B) on the human small intestine (Sl) sections. Positive
staining signals of CFTR (marked by the asterisks) or GUCY2C (marked by the arrowheads) are detected on the apical surface of BEST4/CA7* cells near the
goblet cells. Images are derived from the Human Protein Atlas (https://www.proteinatlas.org/). Scale bars, 20 pm.

(C) Schematic of modeling bacterial diarrheal toxin-induced fluid secretion with organoid swelling assay. Bacterial infections activate intracellular cyclic
adenosine monophosphate (CAMP)-protein kinase A (PKA) signaling, leading to CFTR phosphorylation and electrolyte release. Imbalanced ion levels between the
basal and apical side of the gut epithelium result in water efflux into the gut lumen. Similarly, in the intestinal organoid model, activation of CFTR causes water
influx into the organoid lumen, resulting in organoid swelling.

(D and E) Representative time-lapse images (D) and quantification of the relative changes in organoid lumen volume (E) in response to the STa analog linaclotide.
WT (treated w/wo CFTR inhibitor GlyH-101), SPIB-KO, and GUCY2C-KO Sl organoids cultured in differentiation medium are analyzed. Scale bars, 100 um. n =20
organoids are measured for each group. Each dot represents one organoid. For each organoid, the lumen volume at t = 180 min is normalized to the lumen volume
att =0 min (setas 1.0). n = 2 different Sl donors are used to validate the GlyH-101 effect. n = 2 SPIB-KO or GUCY2C-KO clonal organoid lines generated from one
Sl donor are tested. Data are presented as mean + SEM. One-way ANOVA with Dunnett’s test is used for multiple comparisons to the WT (Ctrl) group.
****p < 0.0001.

(F and G) Representative time-lapse images (F) and quantification of the relative changes in organoid lumen volume (G) in response to cholera toxin. WT (treated
w/wo norepinephrine, NE) and SPIB-KO Sl organoids cultured in differentiation medium are analyzed. Scale bars, 100 um. n = 20 organoids are measured for

(legend continued on next page)
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the IFN-y-naive BEST4/CA7* cells (Figure 5l). When primary
scRNA-seq datasets were included, organoid BEST4/CA7" cells
cultured in both conditions clustered with the primary BEST4/
CA7" cell population, with comparable marker gene expression
(Figures S4A and S4B), further confirming their cellular identity.
Of note, IFN-y-induced BEST4/CA7* cell expansion appeared
to derive by de novo generation from stem/TA cells rather than
by self-duplication of pre-existing mature BEST4/CA7™ cells, as
no proliferation markers were detected in IFN-y-induced
BEST4/CAT7* cells (Figure 5J).

We next performed live-cell tracking in the reporter organoids
(+/— IFN-v) to document how BEST4/CA7" cells are generated in
the presence of IFN-y. Similar to the control condition (without
IFN-y treatment), the generation of IFN-y-induced BEST4/
CAT* cells occurred directly from undifferentiated cells (CA7-
tdTomato ™), rather than through the duplication of pre-existing
CA7-tdTomato* cells (Figure S4C, top and middle). These IFN-
v-induced BEST4/CAT7* cells did not proliferate to generate
tdTomato* progeny during the 24-h tracing period after their for-
mation (Figure S4C, bottom). These lineage tracing results
aligned with our observations from the scRNA-seq analysis.
Furthermore, we conducted a nucleotide pulse-chase experi-
ment by labeling stem/TA cells with bromodeoxyuridine (BrdU)
during the expansion stage and using EdU to capture BEST4/
CAT7" cell formation during differentiation, with or without IFN-y
treatment (Figure S4D). The generated BEST4/CAT7* cells were
primarily BrdU", and they did not incorporate EdU, confirming
that they were derived from the stem/TA cells rather than through
self-duplication (Figure S4D). The scRNA-seq analysis, live-cell
tracking, and EdU-labeling experiments all suggested that there
are very few proliferating stem/TA cells in our differentiated orga-
noids. Proliferating stem/TA cells indeed can still persist under
some conditions that promote cell differentiation.’®*' However,
in these cases, the differentiation media do still contain factors
that support stem cell growth, including EGF, WNT, Noggin,
and A83-01. In clear contrast, in our optimized BEST4/CA7*
cell differentiation medium, we have to remove WNT and EGF,
as they strongly suppress BEST4/CA7* cell differentiation.
Thus, it is fully expected that there are very few stem/TA cells re-
maining in the organoids that have been cultured in our differen-
tiation medium for 6-8 days.

Notably, it appeared unlikely that IFN-y promotes de novo
differentiation toward BEST4/CA7* cell lineage through a
direct induction of SPIB expression. Our scRNA-seq data sug-
gested that SPIB is not an IFN-vy target gene, as IFN-y did not
induce SPIB expression in non-BEST4/CA7* cell types (i.e.,
the enterocytes), nor did it induce a higher expression level
of SPIB in BEST4/CA7" cells (Figure S4E). Furthermore, the
addition of IFN-y could not induce the expression of BEST4/
CAT* cell markers (such as BEST4, CA7, and SPIB) in organo-
ids cultured in expansion medium (Figure S4F). However, the
activity of many TFs can also be regulated by subcellular
localization, protein-protein interaction, and/or posttransla-
tional modification. Thus, while SPIB mRNA is unaltered by
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IFN-v, we cannot exclude that its activity could be modulated
in other ways.

We next analyzed the existence of differentially expressed
genes (DEGs) in IFN-y-induced BEST4/CA7"* cells as compared
with their IFN-y-naive counterparts. Only 43 DEGs were found
(with a threshold set at 1.5-fold), within which “antigen-present-
ing-related genes” were enriched (Figures S4G and S4H). These
genes are well-known IFN-v targets inimmune cells.*? Other IFN-
v-induced genes that exhibited increased expression included
the oligoadenylate synthetases (OAS) proteins®® and tripartite
motif-containing (TRIM) family proteins*® (Figure S4H). Most
DEGs could be detected in a small proportion of primary tissue-
derived BEST4/CAT7* cells (Figure S4l). We then compared the
expression of these IFN-y-induced genes in BEST4/CA7* cells
derived from individual non-diseased primary intestinal tissues.”
Based on the percentages of BEST4/CA7* cells within total
epithelial cells (Figure S4J, ranging from 0.5% to 22.9%), these
primary tissues could be divided into high BEST4/CA7* groups
(5.1% t0 22.9%, comparable to the percentages of IFN-y-treated
organoids, which range from 6.4% to 8.4%) and low BEST4/
CA7* groups (0.5% to 3.1%, comparable to the percentages
of IFN-y-naive organoids, which range from 0.8% to 1.3%).
BEST4/CAT7* cells derived from the high BEST4/CA7™" groups ex-
hibited higher expression levels of IFN-y-induced genes (Fig-
ure S4K), suggesting that IFN-y-induction of BEST4/CA7™ cell
expansion also occurs in vivo.

BEST4/CAT7" cells are cellular targets of bacterial
diarrheal toxins

Unlike mouse intestinal epithelium, which broadly expresses
Cftr,**~*° BEST4/CAT" cells are the only CFTR-high expressers
in human small intestine (Figures 2H and S1E). Pathological condi-
tions such as bacterial infections can cause an imbalance in fluid
homeostasis by targeting CFTR through a diversity of mecha-
nisms'"*"*® (Figure S5A). Enterotoxigenic Escherichia coli
(ETEC) infection causes bacterial diarrheal illness by producing
heat-stable enterotoxin (STa), which targets GUCY2C,***° a
transmembrane receptor encoding the enzyme guanylate cyclase
C (GC-C). An activating GUCY2C mutation has been identified in
familial diarrhea syndrome.®’ STa binding and the subsequent
activation of GUCY2C lead to CFTR phosphorylation*®®? (Fig-
ure S5A). In human small intestine, only BEST4/CA7* cells and
EECs express high levels of GUCY2C (Figure S1E). A recent study
has shown that EECs are GUCY2C-high expressers and has pro-
posed a role of GUCY2C signaling in regulating visceral pain.>® Of
note, EECs do not express CFTR (Figure S1E). We confirmed that
GUCY2C expression is restricted to human BEST4/CA7* cells and
EECs (Figure S5B). At the protein level and similar to CFTR,
GUCY2C is highly concentrated on the apical surface of BEST4/
CAT* cells (Figures 6A, 6B, S5C, and S5D), suggesting that STa
could function through these GUCY2C-expressing BEST4/CA7*
cells (Figure S5A). Although GUCY2C is highly expressed by
BEST4/CAT7* cells, itis not a direct target of the SPIB, as SPIB over-
expression failed to upregulate GUCY2C expression (Figure S5E).

each group. Each dot represents one organoid. For each organoid, the lumen volume at t = 180 min is normalized to the lumen volume att =0 min (setas 1.0).n=2
different Sl donors are used to validate the NE effect. n = 2 SPIB-KO clonal organoid lines generated from one Sl donor are tested. Data are presented as mean +
SEM. One-way ANOVA with Dunnett’s test is used for multiple comparisons to the WT (Ctrl) group. ***p < 0.0001.

See also Figure S5.
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Figure 7. Schematic of BEST4/CA7" cell differentiation and function

(A) Summary of BEST4/CA7* cell differentiation. Niche signals and inflammatory factors identified to promote or inhibit BEST4/CA7* cell differentiation are

labeled in red.

(B) Model of bacterial diarrheal toxin-induced imbalance in fluid homeostasis mediated by BEST4/CA7* cells. Bacterial infections expand the BEST4/CA7" cell
pool by stimulating type 1 immune cells to release IFN-y, which amplifies electrolyte/water release induced by bacterial toxins upon activation of CFTR on these

IFN-y-induced BEST4/CA7* cells.

We have shown previously that induced fluid efflux mediated
through CFTR activation can be recapitulated in organoid
models.®* A CFTR activator, such as forskolin, could induce
fluid influx into organoid lumen, leading to organoid swelling
(Figure 6C). This organoid-based assay has been extensively
used in CF research and, for instance, for personalized CF pa-
tient treatment.>*°° We tested BEST4/CA7* cell function in
STa-induced imbalance in fluid homeostasis by performing
swelling assays on small intestine organoids stimulated with
the STa analog linaclotide®®°” (Figures 6D and 6E). Linaclotide
triggered robust water influx and organoid swelling in differen-
tiated organoids containing BEST4/CAT7* cells (Figures 6D and
6E). Swelling of organoids was mediated by CFTR activation, as
it could be completely blocked by the CFTR-specific inhibitor
GlyH-101°8 (Figures 6D and 6E). Of note, long-term blockade
of CFTR function by GlyH-101 resulted in a significant decrease
in BEST4/CA7* cell numbers (Figure S5F). Similarly, KO of
BEST4, another CI"/HCO;~ ion channel,® led to a dramatic
loss of BEST4/CAT7* cells (Figure S5G). In contrast, KO of
CA7, the BEST4/CA7* cell marker that encodes a carbonic
anhydrase, had little effect on BEST4/CA7" cell generation
(Figure S5H). In addition, GUCY2C was found to be a dispens-
able receptor for the generation of BEST4/CA7* cells (Fig-
ure S5I). Yet, its essential role in mediating linaclotide-induced
organoid swelling was confirmed in the GUCY2C-KO organoids
(Figures 6D and 6E).

Totest whether the organoid swelling was mediated by BEST4/
CAT7" cells, we next assayed the SPIB-KO organoids (devoid of
BEST4/CA7* cells) and found that the swelling response was
indeed absent in these organoids (Figures 6D and 6E). Since
SPIB-KO organoids still contain EECs that also express high
levels of GUCY2C, this result agreed with the notion that EECs
are not involved in electrolyte/fluid homeostasis as they do not
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express CFTR. Taken together, our results demonstrate that
BEST4/CA7* cells are the primary targets of STa and thus
mediate ETEC-induced imbalance in fluid homeostasis.

Vibrio cholerae (V. cholerae) is the etiological agent of cholera
and induces rapid and severe dehydration.*®*° Cholera toxin
(CTX), secreted by V. cholerae, is the direct cause of profuse,
watery diarrhea. Mechanistic studies have found that CTX
also open the CFTR channel for anion efflux.’’**° Similar to
STa, CTX efficiently induced swelling of differentiated organo-
ids (Figures 6F and 6G). This process was again mediated by
BEST4/CA7* cells as the swelling response was absent in
SPIB-KO organoids (Figures 6F and 6G). In addition, the direct
response of BEST4/CAT7* cells to CTX was further validated us-
ing a genetically encoded cAMP sensor®® (Figures S5J and
S5K). Of note, BEST4/CA7" cells highly and specifically ex-
press ADRA2A, the a2A adrenergic receptor (Figures 2D and
S5L), which is the only adrenergic receptor family member
highly expressed in human intestinal epithelium. 2 adrenergic
receptors inhibit cAMP-mediated secretion when stimulated by
ligands such as norepinephrine (NE).®" Addition of NE, to inhibit
cAMP signaling through ADRA2A in BEST4/CAT7* cells, strongly
blocked CTX-induced organoid swelling (Figures 6F and 6G),
implying that ADRA2A signaling could be a potential mecha-
nism for endogenous control of electrolyte/fluid homeostasis
in BEST4/CAT7™ cells.

DISCUSSION

In this study, we describe culture conditions to generate BEST4/
CAT7" cells in human intestinal organoids, which has allowed us
to evaluate the effects of different niche signals and TF on
BEST4/CA7" cell differentiation (Figure 7A). Within these tested
factors, we identify IFN-vy, a type 1 immune factor, as a specific



Cell Stem Cell

amplifier of BEST4/CA7™ cell population. Intestinal tuft cells and
goblet cells are known as the type 2 immune-responsive cells
during parasitic infections, as they are inducible by the type 2 im-
mune factor IL-4/13."%%%=%5 |t was previously unclear whether
type 1 immune-responsive cells exist in the gut epithelium. The
responsiveness to IFN-y demonstrates for the first time that
BEST4/CAT7* cells serve as a type 1 immune-responsive cell
type in human intestine.

IFN-y production can be stimulated by bacterial infections,®”
which implies that BEST4/CA7* cells may function in bacterial
defense. Watery diarrhea is an effective host response to
wash out unwanted bacteria.’”®® In mouse intestine, a
BEST4/CA7* cell counterpart has not come forward from
scRNA-seq analysis.'? Rather, Cftr and Gucy2c are broadly ex-
pressed in murine gut epithelium.**=*¢:536% |n human intestinal
epithelium, BEST4/CAT7" cells appear to be specialized entero-
cytes, evolved away from the “standard” enterocytes to specif-
ically regulate electrolyte/fluid homeostasis. BEST4/CA7" cells
are the only human intestinal cells that highly express both
CFTR and GUCY2C and thus represent the major cellular
targets of STa. It is important to note that bacterial infections
of the intestine can induce an imbalance in fluid homeostasis
through a variety of mechanisms.''**® Similar to the STa-
GUCY2C axis, most of these mechanisms will eventually target
and activate CFTR. Indeed, we confirm that cholera toxin,
derived from diarrhea-causing V. cholerae, also induces water
efflux by targeting BEST4/CA7™" cells. Notably, several mouse
models have previously been used to study Cftr-mediated bac-
terial diarrhea.®®>® However, these studies likely focused on
stem/TA cells and enterocytes, rather than on BEST4/CA7*
cells. Therefore, applying the findings from mouse models to
humans may require further validation using our BEST4/CA7*
cell organoids. Since BEST4/CA7"* cells only represent a small
fraction of the intestinal epithelium, our findings propose a
model in which bacterial infections expand the BEST4/CA7*
cell pool by stimulating type 1 immune cells to release IFN-v,
which in turn amplifies the electrolyte/water release induced
by bacterial toxins upon the activation of CFTR on these IFN-
v-induced BEST4/CA7" cells (Figure 7B). Taken together, our
experimental observations highlight roles of BEST4/CA7* cells
in electrolyte homeostasis, as well as diarrhea in response to
bacterial infections.

Limitations of the study

In this study, we investigate the differentiation and function of
human BEST4/CA7* cells using in vitro intestinal organoid
models, allowing for the assessment of their responses to spe-
cific niche factors, cytokines, and bacterial toxins in isolation.
While the organoid platform has many experimental advantages
over in vivo studies, it in essence is a reductionist system that
requires translation into more complex in vivo settings. This
however poses several challenges: (1) mouse models are not
suitable since they lack BEST4/CA7* cells; (2) clinical data
from patients with inflammatory bowel disease (IBD) are compli-
cated to interpret because of the involvement of multiple cyto-
kines beyond IFN-vy. For instance, TNF-a, another pro-inflam-
mation cytokine elevated in IBD, strongly inhibits BEST4/CA7*
cell generation in our hands; and (3) how BEST4/CA7* cells
respond to live bacteria requires further study.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human intestinal organoid lines

A total of four human intestinal organoid lines were established previously in our lab and recruited in this study.'***” Human ileum
tissues (Donor# 12339, 3466N and 4403N) were obtained from the Netherlands Cancer Institute (NKI), and colon tissue (Donor#
P11N) was obtained from the Diakonessen Hospital Utrecht, with informed consent from each patient. The study was approved
by the ethical committee and was conducted in accordance with the Declaration of Helsinki and Dutch law. This study complied
with all relevant ethical regulations regarding research involving human participants.

METHOD DETAILS

Organoid culture and differentiation

Organoid expansion: Human intestinal organoids were mixed with BME, seeded as 5-10 pul droplets, kept in expansion medium and
passaged weekly by mechanic dissociation as described previously.”® The expansion medium consisted of adDMEM/F12 supple-
mented with 100 U/ml P/S, 10 mM HEPES, 1x Glutamax, 1x B-27 supplement, 1.25 mM NAC, 1% (v/v) recombinant Noggin, 0.5 nM
WNT surrogate, 50 ng/ml EGF, 0.5 uM A83-01, 1 uM SB202190, 1 uM PGE2, 10 mM NIC and 20% (v/v) RSPO1. The culture medium
was refreshed every 2-3 days.

Organoid differentiation: Organoids cultured in expansion medium for 4-5 days were subjected to differentiation. Therefore, the
expansion medium was completely removed and, to wash out the remaining growth factors, the organoids were incubated in
3 ml adDMEM/F12 supplemented with 100 U/ml P/S, 10 mM HEPES and 1x Glutamax for 2 hours. Then organoids were cultured
in differentiation medium for 6-8 days. Differentiation medium was prepared by removing EGF, Noggin, SB202190, A83-01, WNT
surrogate, PGE2 and NIC from expansion medium.

Other factors and small molecules used in this study: Interleukins and interferons were used at 10 ng/ml, RANKL was used at
100 ng/ml, TNF-o. was used at 20 ng/ml, BMP-2 and BMP-4 were used at 50 ng/ml, LPS was used at 100 ng/ml, rapamycin was
used at 1 uM, DAPT was used at 10 uM, MYH-1485 was used at 10 uM, doxycycline was used at 1 pg/ml, linaclotide was used
at 10 uM, cholera toxin was used at 1 pg/ml, norepinephrine was used at 10 uM, GlyH-101 was used at 50 uM.

Generation of genetically modified organoids

Preparation of cells for electroporation: Intestinal organoids cultured in expansion medium for 4-5 days were dissociated into small
cell clumps with 1 ml TripLE at 37 °C for 4 mins, followed by gently pipetting 20 times. After TripLE dissociation, the cell suspension
was filtered through a 40 pm cell strainer, washed twice with cold Opti-MEM™ and re-suspended in Opti-MEM™ for electroporation.

Preparation of sgRNA plasmid: sgRNAs, targeting different genes, were cloned into pSPgRNA vector (Addgene, plasmid# 47108)
according to the previously described protocol.”' The sgRNA sequences used in this study can be found in Figures S1, S6, and S7.

CA7-P2A-tdTomato, SPIB-P2A-tdTomato and MUC2-mNeonGreen knockin reporter organoids were generated using the
CRISPR-HOT approach.?®?! The frame-selector plasmid containing an sgRNA (to linearize the donor-targeting vector), Cas9 and
mCherry (for the detection and FACS sorting of the successfully transfected cells) was obtained from Addgene (plasmid# 66940).
The mNeonGreen donor-targeting vector was obtained from Addgene (plasmid# 174092). The P2A-tdTomato-BlastR donor-target-
ing vector was a modification of the Addgene plasmid# 138568, by replacing the Clover sequence with tdTomato. 5 ng sgRNA
plasmid, 5 pg frame-selector plasmid and 5 pg donor-targeting vector were co-transfected into organoid cells using the NEPA
electroporation system (NEPAGENE). After FACS sorting, based on the mCherry fluorescence, followed by blasticidin selection, sub-
clones were picked and expanded in expansion medium. Successful insertions were first identified by direct visualization of the fluo-
rescence marker in the differentiated organoids, and then confirmed by targeted genotyping via Sanger sequencing (Figures S1B,
S6, and S7). Knockin of the reporter cassette doesn’t change the coding sequence of MUC2, CA7 and SPIB. Of note, we did not
find significant differences in the cell viability (Figures S5M and S5N), mRNA levels of BEST4/CA7* cell markers (Figure S6A), or
numbers of BEST4/CA7* cells (Figure S6B) between the WT and reporter organoids.

CHGA-IRES-IRFP670 knockin reporter organoids were generated and described in previous studies.

CRISPR C-to-T base-editing®® was used to generate SPIB, CA7, BEST4 and GUCY2C knockout organoids (by introducing an early
stop codon): 7.5 ng pPCMV_AncBE4max_P2A_GFP plasmid (Addgene, plasmid# 112100), 2.5 ug sgRNA plasmid and a two-plasmid
transposon system’? (5 ng PiggyBac transposase plasmid + 5 pug donor plasmid with terminal inverted repeats (TIRs) bearing hy-
gromycin resistance for organoid selection) were co-transfected into organoid cells through electroporation. After FACS sorting of
live single cells followed by hygromycin selection, subclones were picked and expanded in expansion medium. Successful homo-
zygous knockout organoids were confirmed by targeted genotyping via Sanger sequencing (Figure S7).

To generate SPIB-overexpressing organoids, the transgenic constructs, including SPIB-IRES-EGFP (driven by TRE3GS promoter)
and Tet-ON 3G transcription factor (driven by CMV promoter), were cloned into a p2T vector, flanked by 3’ and 5’ Tol2 sequences.
Integration of these transposable elements into cell genome was mediated by mT2TP transposase. The cAMPr sensor®® construct
(driven by CAGGS promoter) was introduced into the reporter organoids using the same strategy.

13,38
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Immuno-staining and confocal imaging

Organoids were released from BME using ice-cold Corning Cell Recovery Solution and fixed in 4% formaldehyde solution at room
temperature for 1 hour, followed by 3 times of washing with PBS (phosphate buffered saline), and then blocked with the whole-mount
blocking buffer at room temperature for 1 hour. Blocking buffer was 10% FBS (fetal bovine serum) in PBS-T (PBS with 0.1% TritonX-
100). Primary antibodies were diluted in blocking buffer and incubated overnight at 4 °C. After 3 times of washing with PBS-T, sec-
ondary antibodies and DAPI were diluted in blocking buffer at 1:1000, and incubated overnight at 4 °C. Organoids were then 3 times
washed with PBS-T and mounted for confocal imaging. A Leica SP8 confocal detection system fitted on a Leica DMi8 microscope
captured the images. Forimage processing, maximum-projection of Z-stack images were performed using Leica LAS X software. We
directly used the original images exported by Leica LAS X software, with minimal processing, such as simple rotating or cropping (for
display purposes). The numbers of BEST4/CA7" cells per organoid were manually counted.

Primary antibodies used in this study: rabbit anti-BEST4 antibody was used at 1:500; rabbit anti-CHGA antibody was used at
1:5000; rabbit anti-CA7 antibody was used at 1:200; rabbit anti-GUCY2C antibody was used at 1:50; mouse anti-BrdU antibody
was used at 1:100.

Immunohistochemistry (IHC) staining images of CFTR and GUCY2C in primary human small intestine tissues were all derived from
the Human Protein Atlas (https://www.proteinatlas.org/).”®

Live cell tracking

To trace the generation of CA7-tdTomato™ cells (w/wo IFN-y treatment), the reporter organoids were cultured in differentiation me-
dium for 48 hrs (when most of the organoid cells were tdTomato ™) or 72 hrs (when many tdTomato™ cells were generated in the IFN-
v-treated group). These organoids were then staged on the Leica SP8 confocal detection system fitted on a Leica DMi8 microscope
(equipped with a CO, and temperature control system) to capture time-series images with z-stacks every 30 mins for 24 hours. 3D
images were generated and analyzed using the IMARIS software.

Nucleotide pulse-chase experiment and EdU/BrdU labeling

The nucleotide pulse-chase experiment was performed by labeling stem/TA cells with BrdU during the expansion stage for 2 days,
just before differentiation. EAU, together with or without IFN-y, was then added from differentiation day 1 for a total of 4 days. Organo-
ids were then fixed, and EdU color development was conducted following the manufacturer’s protocol. BrdU antibody staining fol-
lowed the protocol described above.

Imaging of cAMP sensor

BEST4/CA7* cells (CA7-tdTomato™) were FACS-sorted, plated in glass-bottom imaging plates (coated with Invasin protein for quick
attachment’“), and cultured in differentiation medium overnight for attachment. The cells were then staged on the Leica SP8 confocal
detection system fitted on a Leica DMi8 microscope (equipped with a CO, and temperature control system) to capture time-series
images with z-stacks every 180 secs for 30 mins. Cholera toxin (CTX) was added 10 mins before imaging. The fluorescence intensity
of cAMP sensor was measured using the Leica LAS X software and normalized to the fluorescence intensity at t=0 min (set as 1.0).

Sample preparation and flow cytometry

Organoids were dissociated with 1 mI TripLE at 37 °C for 6-8 mins, followed by gently pipetting 20 times. After TripLE dissociation, the
cell suspension was filtered through a 40 um cell strainer and stained with DAPI for FACS analysis or cell sorting. Samples were
analyzed on a BD LSR Fortessa X20 equipped with 4 lasers (BD Bioscience). Cell sorting was performed on a BD FACS Influx cell
sorter equipped with 5 lasers (BD Bioscience). At least 5,000 DAPI™ live cells were recorded for each analyzed sample. The percent-
age of fluorescence™ cells within the total DAPI™ live cells were quantified and shown in the figures.

Sample preparation for scRNA-seq analysis

Differentiated organoids were dissociated into single cells for FACS sorting as described above. Single, DAPI™ live cells were sorted,
based on the fluorescence levels, on a BD FACS Influx cell sorter. Individual single cells were collected in 384 well-plates containing
ERCC spike-ins (Agilent), reverse transcription primers (Promega) and dNTPs (Promega) as previously described.'>'” 384 cells were
collected for each culture condition (Ctrl v.s. IFN-v). To enrich the BEST4/CA7* cells, tdTomato™ cells (representing BEST4/CA7~ cell
lineages) and tdTomato™ cells (representing BEST4/CA7* cells) were sorted at a 1:3 ratio in cell numbers. Single-cell RNA-sequencing
was performed according to the SORT-seq, a 384-well plate-based, robotized version of CEL-seq2 method.” Sequencing libraries
were generated with TruSeq small RNA primers (lllumina) and sequenced on the lllumina NextSeq platform. Sequencing reads were
mapped to the human GRCh38 genome to generate the gene expression matrix for further scRNA-seq analysis.

Analysis of organoid scRNA-seq datasets

Cell filtering: We used the Seurat R package (v3) for data integration, analysis and visualization,®® according to a standard workflow
described by Satija Lab (Codes are available at https://satijalab.org). To create Seurat objects, genes expressed in at least one cell
and cells with at least 1,000 detected genes were selected. Notably, we did not filter out cells based on the mitochondrial ratio, as the
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CEL-seg2 method significantly increases the sensitivity for gene detection but also yields a higher mitochondrial ratio compared to
other platforms, such as 10X chromium, as noted in a previous side-by-side comparison study.’® The overall mitochondria ratio in our
datasets is around 40% (Figure S1H).

Data normalization and PCs selection: After creating the Seurat objects, data normalization was performed based on “LogNorm-
alize” method, with the “scale.factor” set to 10,000. Variable features were found by the “vst” method. The top 2,000 differentially
expressed genes (DEGs) were selected for principal component (PC) analysis. The top 20 PCs were used for dataset integration.

Dimensional reduction, cell clustering and data display: Dimensional reduction was performed using the Uniform Manifold
Approximation and Projection (UMAP) method. Cell clustering was based on the shared-nearest neighbor (SNN) method with
the resolution set to 0.6. A total of 6 cell clusters were identified. After cell type annotation, based on the well-known intestinal
cell type markers, 2 clusters with unclear cellular identity, were removed from further analysis and data display. Violin plots, heat-
map, dot plots and individual UMAP plots for the given genes were generated by the Seurat toolkit functions VInPlot, DoHeatmap,
DotPlot and FeaturePlot, respectively.

To get the DEGs between Ctrl and IFN-y-induced BEST4/CA7* cells, the raw counts data was subjected to DEseq2 R package®®
and analyzed with default settings. DEGs were defined by | log, (fold change) | >0.585 with adjusted p-value <0.01.

Analysis of primary intestinal scRNA-seq datasets

Four published datasets were integrated using Seurat R package (v3). To create the Seurat objects, in GEO: GSE119969'® and GEO:
GSE125970'® datasets, genes expressed in at least 3 cells and cells with at least 200 detected genes were selected, in GEO:
GSE146799'" dataset, genes expressed in at least 3 cells and cells with at least 1,000 detected genes were selected. We directly
used the Seurat object provided by Elmentaite et al., but only selected the adult and pediatric healthy cells for our analysis. In addition,
we removed the TA cells and enterocytes from Elmentaite et al. dataset to accelerate the speed of analysis. The other three datasets still
contain sufficient numbers of these cells for analysis.

Data normalization was performed based on “LogNormalize” method, with the “scale.factor” set to 10,000. Variable features were
found by the “vst” method and the top 2,000 DEGs were selected for PC analysis. The top 30 PCs were selected for dataset inte-
gration. Dimensional reduction was performed using UMAP method, while the cell clustering was based on the SNN method. After
cell type annotation, based on the well-known intestinal cell type markers, we only used the cells with a clear cellular identity for
further analysis and data display.

Comparisons between organoid and primary BEST4/CA7* cells: BEST4/CA7* cells and enterocytes from organoid and primary
cell datasets were integrated based on the top 20 PCs, and visualized in the UMAP plots. Cell clustering was based on SNN method
with the resolution set to 0.03, which identified two cell clusters representing the BEST4/CA7" cells and enterocytes, respectively.

RNA extraction and gPCR

Organoids or FACS-sorted cells were subjected to RNA isolation using a NucleoSpin RNA kit following the manufacturer’s protocol.
Reverse transcription reactions were performed using GoScript™ reverse transcriptase kit. cDNA was subjected to gPCR analysis
using Q™ SYBR Green Supermix on a CFX Connect Real-Time PCR machine (BioRad). For gene expression analysis, gqPCR was
performed with gene-specific gPCR primers. Ct value of each gene was normalized to the housekeeping gene GAPDH (as the ACt),
and fold change between experimental groups was calculated with the 2"t method. All gPCR primers used in this study are listed
in Table S1.

Organoid swelling assay

Live organoids were staged on the Leica SP8 confocal detection system fitted on a Leica DMi8 microscope (equipped with a CO, and
temperature control system) to capture time-series images every 15 mins for 3 hours. To induce organoid swelling, 10 uM linaclotide
or 1 ng/ml cholera toxin was added immediately before live imaging. To block organoid swelling, 10 uM norepinephrine (NE) or 50 uM
CFTR inhibitor GlyH-101 was added 3 hours before imaging. To quantify the volume of the organoid lumen, the length and width of
lumen were measured, and the volume was calculated using the following formula: volume = 4/37 x (length/2) x (width/2). Then, the
relative volume at t=180 min was normalized to the volume at t=0 min (set as 1.0).

QUANTIFICATION AND STATISTICAL ANALYSIS
Data were presented as mean + SD (Standard Deviation) to indicate the variation. Student’s t test was used when two experimental
groups were compared. One-way ANOVA was used when multiple experimental groups were compared. All the p values were calcu-

lated using Graphpad PRISM 6 with the following significance: n.s. p>0.05, * p<0.05, ** p<0.01, *** p<0.001, *** p<0.0001. The sta-
tistical details for each experiment can be found in the figures and figure legends.
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