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SUMMARY

In human intestinal organoids (enteroids), TNFa induces
differentiated cell necroptosis and intestinal stem cell

expansion. However, TNFa-induced expansion of the LGR5+
stem cells is impaired in CD patient-derived enteroids,
resulting in decreased organoid-forming efficiency and
delayed wound healing.

BACKGROUND & AIMS: Tumor necrosis factor alpha (TNFa) is
considered a major tissue damage-promoting effector in
Crohn’s disease (CD) pathogenesis. Patient-derived intestinal
organoid (enteroid) recapitulates the disease-specific charac-
teristics of the intestinal epithelium. This study aimed to eval-
uate the intestinal epithelial responses to TNF« in enteroids
derived from healthy controls and compare them with those of
CD patient-derived enteroids.

METHODS: Human enteroids derived from patients with CD
and controls were treated with TNFa (30 ng/mL), and cell
viability and gene expression patterns were evaluated.

RESULTS: TNFa induced MLKL-mediated necroptotic cell
death, which was more pronounced in CD patient-derived
enteroids than in control enteroids. Immunohistochemistry
and RNA sequencing revealed that treatment with TNFa caused
expansion of the intestinal stem cell (ISC) populations.

However, expanded ISC subpopulations differed in control and
CD patient-derived enteroids, with LGR5+ active ISCs in control
enteroids and reserve ISCs, such as BMI1+ cells, in CD patient-
derived enteroids. In single-cell RNA sequencing, LGR5+ ISC-
enriched cell cluster showed strong expression of TNFRSF1B
(TNFR2) and cyclooxygenase-prostaglandin E2 (PGE2) activa-
tion. In TNFa-treated CD patient-derived enteroids, exogenous
PGE2 (10 nmol/L) induced the expansion of the LGR5+ ISC
population and improved organoid-forming efficiency, viability,
and wound healing.

CONCLUSIONS: TNF« increases necroptosis of differentiated
cells and induces the expansion of LGR5+ ISCs. In CD patient-
derived enteroids, TNFa causes LGR5+ stem cell dysfunction
(expansion failure), and exogenous PGE2 treatment restored
the functions of LGR5+ stem cells. Therefore, PGE2 can be used
to promote mucosal healing in patients with CD. (Cell Mol
Gastroenterol — Hepatol 2022;13:789-808; https://doi.org/
10.1016/j.jcmgh.2021.10.010)

Keywords: Crohn’s Disease; Intestinal Organoid; Tumor Necro-
sis Factor-Alpha; Intestinal Stem Cell; Prostaglandin E2.

C rohn’s disease (CD) is a chronic relapsing-remitting
inflammatory disease of the intestine, which is
characterized by cycles of mucosal inflammation and ul-
ceration, followed by regeneration and restoration of the
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intestinal epithelium." The pathogenesis of CD remains un-
clear, and approximately 30%-50% of the patients do not
respond to current medical treatments.>® Recent studies
have identified alterations in intestinal stem cell (ISC)
properties in organoids derived from patients with CD.*°
Alteration in ISC properties can lead to impaired epithelial
regeneration, barrier dysfunction, and chronic intestinal
inflammation. The intestinal organoid (enteroid) model re-
capitulates the functional crypt-villus, consists of distinct
epithelial cell types, replicates self-organizing develop-
mental processes, and maintains the characteristics of its
origin’~? and is therefore suitable for investigating the role
of ISCs and other epithelial cells.”” %2

Tumor necrosis factor alpha (TNF«) is a major pro-
inflammatory and tissue damage-promoting effector in CD
pathogenesis, which has been supported by experimental
mouse models and therapeutic effects of TNFa-neutralizing
reagents.“’15 Despite extensive investigation on TNFa-
induced responses in immune cells, the effect of TNFa on
intestinal epithelial cells remained largely unexplored.'®
TNFa mediates diverse cellular processes, such as inflam-
matory mediator production, cell death, cell survival, and
proliferation, which may be regulated in a cell type-specific
manner.'” Tumor-derived cell lines and animal models have
inherent limitations in investigating the human epithelial
cell-specific responses to TNFa.'” Immortalized cell lines
are homogeneous, and the cells do not undergo senescence
due to the presence of certain mutations.'® Moreover,
human-specific biological processes could not be fully
reproduced in animal models."’

Herein, we investigated the intestinal epithelial cell-
specific responses to TNFa in patients with CD by using
the patient-derived intestinal organoid model and attemp-
ted to identify molecules that could improve epithelial
regeneration and wound healing in CD patients under
TNFa-enriched conditions.

Results

Intestinal organoids grown from the intestinal crypts of
controls (n = 12) and patients with CD (n = 11) were
subcultured in the maintenance medium for more than 5
passages. The intestinal organoids cultured in the mainte-
nance medium formed spheroids and consisted of OLFM4+
ISCs and PCNA+ proliferating cells, whereas those cultured
in the differentiation medium formed enteroids that con-
tained all types of intestinal epithelial cells (Figure 14 and
B). The microscopic appearance and culturing behavior of
subcultured organoids derived from controls and patients
with CD were undistinguishable.®”’ These phenotypic sim-
ilarities could be due to sterile and non-inflammatory cul-
ture conditions.

Previous studies have suggested that 30 ng/mL TNF«
may induce cytotoxicity and distinct cellular responses in
enteroids.”’** Herein, enteroids derived from controls and
patients with CD were treated with 30 ng/mL TNF« every
24 hours to evaluate epithelial cell-specific responses to
TNFa. To address whether the effect of TNFa on CD
patient-derived enteroids differs from that of control
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enteroids, morphologic changes and cell viability were
assessed. TNFa-treated organoids were smaller in size and
lesser in number, and no budding was observed; some of
these organoids were disrupted and had a dark appearance
(Figure 1C). These results are consistent with those of a
previous report on murine organoid models.”* In the
steady state, the organoid-forming efficiency was not
different between control enteroids and CD patient-
derived enteroids (100.0% =+ 5.4% vs 92.3% =+ 7.3%;
P =.152); however, the organoid-forming efficiency of CD
patient-derived enteroids treated with TNFa was signifi-
cantly lower than that of control enteroids treated with
TNFa (60.3% + 11.4% vs 40.8% + 9.0%; P < .001;
Figure 1D). In the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay, the cell
viability of TNFa-treated CD patient-derived organoids was
significantly lower than that of untreated CD patient-
derived organoids (P < .001) and TNFa-treated control
organoids (P < .001; Figure 1E). These results suggest that
the organoid-forming efficiency and cell viability of CD
patient-derived organoids were lower than those of control
organoids under TNFa-enriched conditions.

To explore the gene expression profile of TNFa-treated
control and CD patient-derived enteroids, bulk RNA
sequencing was performed by using paired samples of
TNFa-untreated and TNFa-treated enteroids derived from
healthy controls (n = 12 pairs) and patients with CD (n =
11 pairs). The hierarchical clustering heatmap of the 1247
differentially expressed genes (DEGs) showed a clear dif-
ference between TNFa-untreated and TNFa-treated enter-
oids (Figure 2A4). Principal component analysis revealed a
clear distinction between TNFa-untreated and TNFa-treated
enteroids of controls and patients with CD (Figure 2B). The
volcano plot shows the 10 most up-regulated and down-
regulated genes, which were most responsive to TNF«
(Figure 2C). As predicted, gene ontology biological process
annotation for DEGs revealed that nuclear factor kappa B
(NF-kB) signaling pathway was enriched in TNFa-treated
enteroids (Figure 2D). Then we focused on the TNF«
signaling pathway. The hierarchical clustering heatmap of
TNFa signaling pathway-related genes showed a clear
distinction between TNFa-untreated and TNFa-treated
enteroids (Figure 2E). Exogenous soluble TNFa enhanced
the expression of genes related to complex-I signaling, such
as TRADD, TRAF2, and BIRC2Z (cAIP1), and complex-II

2Authors share co-first authorship.

Abbreviations used in this paper: ANOVA, analysis of variance; CC3,
cleaved caspase-3; CD, Crohn’s disease; COX, cyclooxygenase; DEG,
differentially expressed gene; ER, endoplasmic reticulum; ISC, intes-
tinal stem cell; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; NF-xB, nuclear factor kappa B; PBS,
phosphate-buffered saline; PGE2, prostaglandin E2; scRNA-seq, sin-
gle-cell RNA sequencing; TNF, tumor necrosis factor; TUNEL, deoxy-
uride-5'-triphosphate biotin nick end labeling.
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Figure 2. Gene expression profile of enteroids derived from controls and patients with CD under TNF«-free and
-treated conditions. (A) Hierarchical clustering heatmap and (B) principal component analysis using paired samples of TNFa-
untreated and -treated enteroids derived from controls (n = 12 pairs) and patients with CD (n = 11 pairs). (C) Volcano plot of
DEGs in TNFa-treated and -untreated enteroids. The 10 up- and down-regulated genes annotated with gene symbols are
displayed. Volcano plot shows fold change (log, ratio) plotted against absolute confidence (-log4o P value). (D) Gene set
enrichment analysis of DEGs. The top 10 significant terms of gene ontology biological process in TNFa-treated enteroids are
listed, based on the normalized enrichment score. Enrichment plot of the most enriched signaling pathway (I-xB kinase/NF-xB
signaling; GO:0007249) genes is illustrated. (E) Hierarchical clustering heatmap of TNF« signaling pathway and its related
genes. DEGs were identified using the paired t test with Bonferroni correction (adjusted P value < .001 and Q value < 0.001).
(F) Differences in expression levels (FPKM) of TNFa pathway genes in paired sample of TNFa-untreated and -treated enteroids
derived from controls and patients with CD. Black dots with solid lines indicate changes in control enteroids, and blue dots with
blue broken lines indicate changes in CD patient-derived enteroids. (G) Western blotting for RIPK3 and MLKL proteins in
enteroids derived from controls and patients with CD. Enteroids derived from controls (n = 3) and patients with CD (n = 3) were
treated with different concentrations of TNFe;, infliximab, and Z-VAD-FMK. (H) Double immunofluorescence staining for CC3
and TUNEL. Distribution of CC3 (red fluorescence) and TUNEL (green fluorescence) was determined using co-
immunofluorescence analysis. Cell nuclei were co-stained with DAPI (blue fluorescence). The number of cells was counted
in 10 enteroids (size >100 um) of each group. Differences were evaluated using one-way ANOVA with Bonferroni multiple
comparison test. Scale bar = 50 um; **P < .01, **P < .001, *** P < .0001. (/) Proposed cellular responses to TNF« in human
enteroids.

signaling, such as FADD and CASP8. Moreover, TNF« treat-
ment increased the expression of CFLAR (cFLIP) and CYLD,
which in turn suppressed the expression of genes associated
with apoptosis (RIPKI and RIPK3) and enhanced the
expression of genes associated with necroptosis (MLKL and
DNM1L) (Figure 2F). Western blotting confirmed that the
MLKL protein expression increased steadily with the

increasing TNFa concentration, and this effect of TNFa on
MLKL protein expression was blocked by anti-TNFa
monoclonal antibody (infliximab) co-treatment; however,
the expression of RIPK3 protein remained unchanged. The
pan-caspase inhibitor, Z-VAD-FMK, did not affect the
expression of RIPK3 and MLKL proteins in TNFa-treated
enteroids derived from controls and patients with CD

Figure 1. (See previous page). Organoid-forming efficiency and cell viability of CD patient-derived enteroids and control
enteroids under TNFa-enriched conditions. (A) Representative microscopic images of spheroids and enteroids. Scale bar =
100 um. (B) Immunohistochemical staining for epithelial cell markers in spheroids and enteroids. Scale bar = 75 um.
(C) Morphology, (D) organoid-forming efficiency, and (E) cell viability (MTT assay) of organoids derived from controls (n = 12)
and patients with CD cultured under TNFa-free and -treated conditions (n = 11 each). Morphologic observations were per-
formed using bright-field microscopy. The measured optical density (O.D.) values are expressed as a ratio based on the O.D.
values of TNFa-untreated control enteroids. Scale bar = 100 um. Assays were conducted in triplicate. Differences were
assessed using one-way analysis of variance (ANOVA) with Bonferroni multiple comparison test; **P < .001, *** P < .0001.



2022

(Figure 2G). These findings suggest that TNFa induces
MLKL-mediated necroptosis rather than apoptosis in
enteroids.

We then investigated whether TNFa-induced nec-
roptosis and apoptosis were more pronounced in enteroids
derived from patients with CD. Deoxyuride-5'-triphosphate
biotin nick end labeling (TUNEL) staining allows the iden-
tification of both necroptotic and apoptotic cells, whereas
cleaved caspase-3 (CC3) only stains apoptotic cells.”” In
TNF«-free condition, the number of TUNEL+ CC3+
apoptotic cells per enteroid was significantly higher than the
number of TUNEL+ CC3- necroptotic cells per enteroid
(P < .001). However, the numbers of TUNEL+ CC3+
apoptotic cells and TUNEL+ CC3- necroptotic cells per
enteroid were not different between control and CD patient-
derived enteroids. These apoptotic cells may be associated
with physiological anoikis.”® After TNFa (30 ng/mL) treat-
ment, the number of necroptotic cells was remarkably
increased in control (P = .001) and CD patient-derived
enteroids (P < .001); however, the number of necroptotic
cells remained significantly higher in CD patient-derived
enteroids (P = .009; Figure 2H). These data indicate that
necroptosis is the primary mechanism for cell death in
TNFa-treated enteroids and is significantly increased in CD
patient-derived enteroids.

In TNFa-treated enteroids, paired t test showed that the
expression of TNF« itself, NF-xB monomer, PTGES1/2
(cyclooxygenase [COX]1/2), and PTGES was increased
compared with TNFa-untreated enteroids. TNFa-induced
up-regulation of PTGES and TBSAS1 expression was more
pronounced in control enteroids (Figure 2F). TNF« is pro-
duced as a transmembrane molecule (membrane-bound
TNFa), which is then cleaved to produce the soluble form
(soluble TNF«).?” The membrane-bound TNF« can fully
activate TNFRSF1B (TNFR2) and downstream signaling.”®
NF-kB and COX-prostaglandin E (PGE) signaling induces
proliferation and promotes survival in most cell types
(Figure 21).*° Previously, the pleiotropic effects of TNF«
have been reported in immune cells, although the underly-
ing mechanism remains unclear.’” Our results suggest that
TNFa may either promote survival of some intestinal
epithelial cells or induce death in other cell types.

To address whether cellular responses to TNF« differ in
different epithelial cell types,®* we evaluated the epithelial
lineage-specific gene expression in TNFa-untreated and
-treated enteroids derived from controls and patients with
CD. Heatmap with hierarchical clustering identified different
epithelial lineage-specific gene expression profiles
(Figure 3A). In both control and CD patient-derived enter-
oids cultured in TNFa-free conditions, a significant increase
in the expression of differentiated cell markers, such as
CD24, SPDEF, ATG16L1, TFF3, CCK, ARG2, MUC13, SI, VIL1,
APOA1, APOB, ALPI, and WNT3, and a significant decrease in
the expression of crypt cell markers, such as LGRS,
TNFRSF19, OLFM4, and EPHB2, (paired t test; P < .05 and q
< 0.05) was observed. Among TNF«-treated enteroids, CD
patient-derived enteroids were clustered and showed lower
levels of the active ISC marker LGR5 and Paneth cell
markers, such as LYZ and CD24. In paired analysis of TNFa-
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untreated and TNFa-treated enteroids, the expression of
LGR5 was significantly higher in TNFa-treated enteroids
than in TNFa-untreated enteroids (P < .001). TNFa-induced
increase in expression of LGR5 was significantly lower in CD
patient-derived enteroids than in control enteroids (P =
.002; Figure 3B). The expression level of BMI1 in TNFa-
treated CD patient-derived enteroids was significantly
higher compared with TNFa-untreated CD patient-derived
enteroids (P = .001); however, there was no significant
difference between TNFa-untreated and TNFa-treated con-
trol enteroids. The expression level of CD24 in TNFa-treated
CD patient-derived enteroids was significantly lower
compared with that in TNFa-untreated CD patient-derived
enteroids (P = .003) and TNFa-treated control enteroids
(P < .001). Expression of the differentiated cell markers,
VIL1, TFF3, and CHGA, was significantly lower in enteroids
treated with TNF«; however, no difference was observed
between control and CD patient-derived enteroids.

Immunohistochemistry confirmed that all enteroid cells
were E-cadherin positive, suggesting that these cells were
epithelial cells (Figure 3C). After treatment with TNFe, the
number of LGR5+ cells per enteroid increased significantly
only in control enteroids (P < .001), but not in enteroids
derived from patients with CD (Figure 3D). The number of
BMI1+ cells per enteroid was significantly higher in TNFa-
treated enteroids compared with TNFa-untreated enteroids
(P < .001; Figure 3E). Alcian blue stains goblet cells and
mucins. The total area of alcian blue staining in TNFa-un-
treated enteroids was more than that in the TNFa-treated
enteroids (P < .001; Figure 3F). Moreover, the alcian
blue-stained area in the TNFa-treated CD-patient derived
enteroids was significantly smaller than that in TNFa-
treated control enteroids (P < .001). These results showed
that TNFa treatment induces expansion of the ISC popula-
tion and reduction of differentiated cells in the surviving
enteroids. Interestingly, LGR5+ ISC expansion was observed
in TNFa-treated control enteroids; however, it was impaired
in the CD patient-derived enteroids.

We evaluated the expression of genes associated with
ISC niche signaling pathways, including Wnt, Notch, and
HIPPO signaling pathways, in TNFa-untreated and -treated
enteroids. The gene expression of ISC niche signaling path-
ways was up-regulated in the TNFa-treated enteroids;
however, the hierarchical clustering could not identify any
significant differences between control and CD patient-
derived enteroids (data are not shown). These results
indicate that ISC properties in enteroids derived from con-
trols and CD patients might be independent of the niche
signaling and dependent on their origin.

To confirm that the expansion of LGR5+ ISC is impaired
in TNFa-treated CD patient-derived enteroids, single-cell
RNA sequencing (scRNA-seq) was performed. A total of
43,152 individual cell transcriptomes were recovered from
TNFa-untreated and TNFa-treated enteroids (control
enteroids, n = 13,519; TNFa-treated control enteroids, n =
8854; CD patient-derived enteroids, n = 9560; TNFa-
treated CD patient-derived enteroids, n = 11,219). After
excluding samples with low-quality RNA, 29,421 cells were
finally analyzed. To  characterize the  cellular
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Figure 3. TNFa treatment alters the epithelial lineage-specific gene expression in CD patient-derived enteroids. (A)
Hierarchical clustering heatmap of epithelial cell lineage-specific markers and (B) differences in expression levels (FPKM) of
signature genes in paired samples of TNF«-untreated and -treated enteroids derived from controls (n = 12 pairs) and patients
with CD (n = 11 pairs). Wilcoxon matched-pairs signed-rank test was used to analyze differences in gene expression in paired
samples (TNFa-untreated and -treated). Mann-Whitney test was used to analyze differences in gene expression between
TNFa-treated control enteroids and TNFa-treated CD patient-derived enteroid; *P < .05, **P < .01. Immunohistochemistry for
(C) E-cadherin, (D) LGR5, and (E) BMI1. The number of LGR5+ and BMI1+ cells was counted in 15 enteroids (size >100 um)
from each group (n = 3 for each group). Black arrows indicate LGR5+ or BMI1+ cells. (F) Alcian blue staining. Stained area was
quantified using ImageJ and expressed as percentage of the average area stained in the TNFa-untreated control enteroids.
Area was measured in 30 enteroids (size >100 um) from each group (n = 3 for each group). Differences were evaluated using
one-way ANOVA with Bonferroni multiple comparison test; *P < .05, P < .01, **P < .001. Blue scale bar = 100 um, black
scale bar = 50 um, and red scale bar = 25 um.

subpopulations, the analyzed cells were divided into 12
clusters (0-11) on the basis of the presence of distinct sets
of co-expressed genes (Figure 4A4). The distribution of cells
according to the samples and clusters is shown in the UMAP
plot. The majority of cells in clusters 1, 5, and 7 originated
from TNFa-untreated control enteroids, those in clusters 0,
3, and 11 from TNFa-untreated CD patient-derived enter-
oids, those in clusters 8 and 10 from TNFa-treated control
enteroids, and those in clusters 0, 10, and 11 from TNFa-
treated CD patient-derived enteroids (Figure 4B). Each
single-cell cluster could be matched to the epithelial cell
lineage, depending on the epithelial lineage-specific marker
gene expression (Figure 4C). Cluster 8 included LGR5+
active ISCs. Clusters 0, 10, and 11 included reserve ISCs,

which express BMI1, TNFRSF19 (TROY), DLL1, and MEX3A.
Clusters 1, 6, and 7 were annotated with goblet cells, Pan-
eth cells, and enterocytes (Figure 4D). The majority of cells
(90.5%) in cluster 8 originated from TNFa-treated control
enteroids, which confirms the expansion of LGR5+ ISC in
these enteroids. In development trajectory modeling, both
LGR5+ active ISCs and reserve ISCs progressed to HES1+
absorptive progenitors and differentiated into ALPI, APOA1,
and Sl-expressing differentiated enterocytes (Figure 4E).
Interestingly, LGR5+ active ISC-enriched cluster 8 showed
high expression of TNFR2, low TNFR1/TNFR2 ratio, and
activation of the downstream NF-«kB and COX-PGE2 path-
ways (Figure 4F). The scRNA-seq results indicate that TNF«
induces the expansion of ISCs in the enteroids, leading to
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of the aggregated samples and individual samples. The number indicates a cell cluster consisting of cells mainly originating
from individual sample. Ctrl, control enteroids, CD, CD patient-derived enteroids. (C) Heatmap and hierarchical clustering of
intestinal epithelial lineage-specific genes based on the single-cell clusters. EC, enterocyte; EEC, enteroendocrine cell; GC,
goblet cell; PC, Paneth cell. (D) UMAP plot visualizing intestinal epithelial cell types of human enteroids based on marker gene
expression. EC, enterocyte; EEC, enteroendocrine cell; GC, goblet cell; PC, Paneth cell; rISC, reserve intestinal stem cell.
(E) Trajectory analysis of enterocyte differentiation from LGR5+ ISCs and reserve ISCs. (F) Heatmap for TNFRSF1A (TNFR1)/
TNFRSF1B (TNFR2) expression ratio and the expression level of TNF« signaling pathway-related genes according to epithelial

cell types. The number represents average expression level of single-cell RNA. alSC, active intestinal stem cell.

reparative proliferation and differentiation of epithelial
cells and replacement of the cells lost because of TNFa-
induced cytotoxicity. However, expanded ISC sub-
populations differed in control and CD patient-derived
enteroids; there were LGR5+ active ISCs in control enter-
oids and reserve ISCs, such as BMI1+ cells, in CD patient-
derived enteroids.

PGE2 is the most abundant COX-derived metabolite that
helps in maintaining the self-renewal capacity of human
ISCs via autocrine signaling.’”** Therefore, we investigated
whether exogenous PGE2 can promote LGR5+ ISC expan-
sion and improve organoid-forming efficiency and wound
healing ability in CD patient-derived enteroids under TNFa-
enriched conditions. TNFa (30 ng/mL)-induced cell death
was fully reversed in control enteroids at therapeutic con-
centrations (10 ug/mL) and partially reversed by subther-
apeutic concentrations (1 pg/mL) of infliximab (Figure 5A4).
LGR5 mRNA levels increased significantly in CD patient-
derived enteroids after incubation with 10 nmol/L PGE2
or incubation with combined low-dose infliximab (1 ug/mL)
and PGE2 (5 nmol/L), regardless of TNF« treatment (P <
.001 each; Figure 5B). Fluorescence-activated cell sorting
analysis showed that LGR5+ cell population was increased
in TNFa-treated CD patient-derived enteroids after

incubation with 10 nmol/L PGE2 or incubation with com-
bined low-dose infliximab and PGE2 (P < .001 each;
Figure 5C). Infliximab treatment alone failed to increase
LGR5 mRNA expression and LGR5+ cell expansion. MTT
assay revealed that cell viability was not decreased in TNFa-
treated CD patient-derived enteroids after treatment with
infliximab, PGE2, and combined low-dose PGE2 and inflix-
imab (Figure 5D). Infliximab and PGE2 improved the
organoid-forming efficiency of TNFa-treated control and CD
patient-derived enteroids. The organoid-forming efficiency
of TNFa-treated enteroids treated with a combination of
low-dose infliximab and PGE2 was as high as that of
10 pug/mL infliximab or 10 nmol/L PGE2 treated enteroids
(Figure 5E). In the wound healing assay, delayed wound
healing (cell-free gap) was improved by treatment with
10 pg/mL infliximab and 10 nmol/L PGE2. Wound healing
ability was also improved by combined treatment with low-
dose infliximab and PGE2, and the results were comparable
with those of 10 ug/mL infliximab or 10 nmol/L PGE2
treatment (Figure 5F). These results indicate that PGE2
enhances organoid-forming efficiency and wound healing
ability in CD patient-derived enteroids through LGR5+ ISC
expansion. In addition, the limited effect of subtherapeutic
concentrations of infliximab on organoid formation and
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Figure 5. Effect of infliximab (IFX) and PGE2 on TNFa-treated CD patient-derived enteroids. (A) Effect of infliximab on
viability in TNF«-treated control enteroids. Control enteroids (n = 3) were cultured in different concentrations of infliximab (0, 1,
10, and 20 pg/mL) and TNF« (0, 30, and 100 ng/mL). Assays were conducted in triplicate. Differences were evaluated using
one-way ANOVA with Bonferroni multiple comparison test; “*P < .01,”*P < .001. Scale bar = 200 um. (B) Quantitative reverse
transcription polymerase chain reaction for assessing LGR5 expression in CD patient-derived enteroids treated with TNFq,
infliximab, and PGE2 (n = 3). Differences were evaluated using Wilcoxon signed-rank test; *P < .05, **P < .001. (C)
Fluorescence-activated cell sorting analysis for LGR5+ cells in CD patient-derived enteroids treated with TNF¢, infliximab, and
PGE2 (n = 3). Differences were evaluated using Wilcoxon signed-rank test; ***P < .001. (D) MTT assay for CD patient-derived
enteroids treated with TNFq, infliximab, and PGE2 (n = 3). Differences were evaluated using Wilcoxon signed-rank test;
*P < .05, P < .01, **P <.001. (E) Organoid-forming efficiency of control and CD patient-derived enteroids treated with TNFq,
infliximab, and PGE2 (n = 3 each). The number of reconstituted organoids is expressed as percentage based on the value for
TNFa-untreated control enteroids with no infliximab and PGE2. Differences were evaluated using Wilcoxon signed-rank test;
***P < .001. (F) Wound healing assay for CD patient-derived enteroids treated with TNFg, infliximab, and PGE2. Non-healed
wound areas were evaluated in 3 different fields. Differences were evaluated using ordinary two-way ANOVA with Bonferroni
multiple comparison test; *P < .05, **P < .001. O.D., optical density.

wound healing can be compensated with low-dose PGE2 TNFa-enriched conditions.”’ Epithelial regeneration and
exposure. repair are dependent on the self-renewal, proliferation,
and differentiation of ISCs.>* This study demonstrates that

. . TNFa induces the expansion of different ISC sub-
Discussion populations in enteroids derived from controls and pa-
Our previous study showed impaired epithelial regen- tients with CD. TNF« induces the expansion of active ISCs
eration in enteroids derived from CD patients under in control enteroids, whereas it increases the number of
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reserve ISCs in CD patient-derived enteroids. Impaired
LGR5+ ISC expansion could be one of the reasons for
impaired epithelial regeneration ability of TNFa-treated CD
patient-derived enteroids.

TNFa is known for its tumor cytotoxicity.'* Herein, we
observed that TNFa promotes necroptosis of intestinal
epithelial cells, especially differentiated cell populations.®**°
Experiments on immortalized cell lines and animal models
showed that the intestinal epithelium is susceptible to TNFR1-
mediated TNFa-induced cell death.?” Our study validated the
epithelial cellular response to TNFa using human enteroids.
The initial response of TNFR1 upon TNF« stimulation is
membrane-bound complex-I recruitment.>® Following this,
TNFa-induced  complex-I  activates  FADD/caspase-8-
dependent apoptotic pathway, and the negative autocrine
loop is also activated with increased CYLD expression,*®***’
which facilitates MLKL-mediated necroptosis.>® We
observed increased expression of MLKL and DNMI1L in hu-
man enteroids after treatment with TNF«; however, the
expression of apoptosis-associated genes, such as caspase 3,
caspase 7, caspase 8, and caspase 10, was not affected. In the
intestinal mucosa of patients with CD, the expression of MLKL
is increased, whereas the expression of caspase-8 is
reduced.**"*? Inflamed tissues in patients with CD showed
down-regulated caspase-8 protein expression, despite
elevated levels of TNFe.*” Cumulatively, these results suggest
that TNFa-induced intestinal epithelial cell death occurs
mainly by necroptosis rather than apoptosis. Furthermore, CD
patient-derived enteroids showed increased TNFa-induced
necroptotic cell death compared with control enteroids.

TNFa-induced necroptosis can cause defects in epithelial
integrity, which could be reversed by expansion and dif-
ferentiation of ISCs. Two populations of ISCs responsible for
epithelial repair have been described: active ISCs, which are
rapid cycling cells but sensitive to injury, and reserve ISCs,
which are slow cycling cells but resistant to injury. LGRS is a
well-established marker of active ISCs, whereas several
markers have been described for reserve ISCs, such as
BMI1,** Hopx,"* and MEX3A.*> Active and reserve ISC
populations are believed to promote homeostatic epithelial
renewal and regeneration after injury.*® Previously, intes-
tinal epithelial repair was studied after acute injury after
ablation of LGR5+ ISCs by irradiation, chemotherapeutic
agents, or diphtheria toxin.***”~°° When active ISCs are
selectively lost in acute injury models, reserve ISCs become
activated and converted to active ISCs. The epithelial repair
is completed as the active ISC pool is replenished by reserve
ISCs and all epithelial cell types are regenerated.*® DLL1+
secretory progenitors,51 ALPI+ absorptive progenitors,52
and differentiated Paneth cells”® may also provide a
source of LGR5+ ISCs in the specific environments.
TNFa-induced cytotoxicity did not completely eliminate
active ISCs. When the injury is limited and the active ISCs
are not completely eliminated or the injury is limited to the
differentiated compartment, active ISCs still have the task of
repairing the damage.”® Therefore, alteration in active ISC
populations under TNF«-enriched conditions might play a
central role in the impairment of epithelial regeneration and
wound healing in patients with CD.
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In recent years, the development of intestinal organoid
models has allowed deeper and more thorough in-
vestigations on ISCs and intestinal epithelial cells at single-
cell level.”>*>” Recent studies have indicated that the
properties of ISCs in CD patient-derived enteroids are
altered.” Our study is the first to identify the impairment of
LGR5+ active ISC expansion in CD patient-derived enteroids
under TNFa-enriched conditions, although the underlying
mechanism remains unclear. This might be due to inherent
dysfunction of LGR5+ ISCs of CD patients. Otherwise, the
pathway regulating the conversion of reserve ISCs to active
ISCs might be impaired in CD. In addition, dysfunction of
Paneth cells, the major components of the ISC niche, has
been implicated in CD.°® Previous studies showed that
Paneth cells depletion in murine models leads to a loss of
LGR5+ ISCs.”? Our results revealed a significant decrease in
the expression of Paneth cell markers, LYZ and CD24, in CD
patient-derived enteroids. Therefore, Paneth cell dysfunc-
tion in CD patients might affect ISC fate, including impaired
LGR5+ ISC expansion.

CD is associated with stress signals in the intestinal
epithelium, such as endoplasmic reticulum (ER) stress and
defective autophagy. These stress signals were also asso-
ciated with TNF-induced necroptosis, reduced number of
secretory cells, and Paneth cell dysfunction.’®®° The
expression of ER stress- and autophagy-related genes was
analyzed using bulk and scRNA-seq. The expression of ER
stress- and autophagy-related genes was increased in
TNFa-treated enteroids (Figure 64 and B). In the steady
state, the expression of ER stress and autophagy genes was
not significantly different between CD patient-derived
enteroids and control enteroids. On the other hand, in
TNFa enriched conditions, the expression of these genes
was higher in CD patient-derived enteroids compared with
control enteroids (Figure 6C). Furthermore, ER stress and
autophagy genes were highly expressed in Paneth cells.
LC3 conjugation system and SNARE genes were up-
regulated in the ISCs (Figure 6D). These data indicate ER
stress and autophagy genes were up-regulated in the
TNFa-treated CD patient-derived enteroids, Paneth cells,
and probably ISCs, which might result in the dysfunction of
Paneth cells and ISCs.

The LGR5+ ISC-enriched cell cluster in scRNA-seq
showed the activation of the COX2/PGE2 pathway. In hu-
man and murine studies, inhibition of COX was found to
reduce the levels of PGE2 in the intestinal mucosa and
inhibit the proliferation of intestinal epithelial cells.®' PGE2
interacts with the Wnt signaling pathway through PKA-
dependent inhibition of GSK38.°* A previous study
reported that PGEZ promotes intestinal repair via wound-
associated epithelial cells instead of LGR5+ cell recruit-
ment.®> However, several studies have reported that PGE2
promotes the up-regulation of LGR5 expression and im-
proves self-renewal and survival of LGR5+ ISCs via EP2-
mediated signaling.’***°* In this study, exogenous PGE2
in the culture media improved organoid-forming efficiency
and wound healing ability through the expansion of the
LGR5+ ISC population in CD patient-derived enteroids
treated with TNFa.
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Anti-TNFa monoclonal antibody, infliximab, blocked the
effects of TNFa on the control and CD patient-derived
enteroids, thereby restoring the impaired cell viability and
culturing behavior. In clinical practice, infliximab is
regarded as the most effective therapeutic option for the
treatment of CD; however, a previous study showed that
23%-46% of patients lose responsiveness to anti-TNFa
agents within 12 months of treatment.®” Because low serum
level of infliximab is associated with lack of clinical
response, recent studies have used infliximab within the
therapeutic range of 3-10 ug/mL.°® In cases of loss of
response to anti-TNF« therapy, the therapeutic option is to
increase the dose to raise the serum infliximab levels.”” In
this study, subtherapeutic infliximab dose resulted in partial
restoration of cellular response to TNFq, and it was
completely restored by co-treatment with low levels of
PGE2. The LGR5+ cell population in TNFa-treated CD
patient-derived enteroids was increased after treatment
with PGE2, but not infliximab. Taken together, our data
indicate that the combination of infliximab and PGE2 may
have synergistic effects on the wound healing against TNFa-
induced cytotoxicity.

Impaired epithelial differentiation due to high TNF«
levels could result in epithelial barrier dysfunction.®®®’
Mucus acts as a primary physical barrier that prevents
the adhesion or invasion of the intestinal microbiota. Pre-
vious studies have reported that loss of goblet cells and
changes in mucin expression are associated with TNFa.”’
Our study confirmed that TNFa prevents goblet cell dif-
ferentiation and decreases mucus production in CD
patient-derived enteroids. In the intestinal epithelial
monolayer, TNFa-induced barrier defects are associated
with increased expression of MLCK and CLDN-2,”* which is
verified in enteroids treated with TNFw«. Furthermore,
TNFa-treated enteroids showed decreased levels of TJP2
and TJP3 and increased levels of CLDN1, T/P1, CTNNBI,
YAP1, and GJB1 (Figure 7).

The limitation of this study is that the organoid culture
system does not take into account the effects of the intes-
tinal microbiota, dietary components, and mucosal immune
system. The intestinal microbiota and dietary components
contribute to the fine-tuning of the survival and differenti-
ation of ISCs.?” In addition, considering the heterogeneity of
the human samples, the number of enteroids used in the
current study tends to be small. Our bulk RNA-seq data
were obtained with the average depth of coverage of 100 x.
When we assumed equal within-group coefficient of varia-
tion of 0.5, the target effect size as 2, target false-positive
rate (a) as 0.05, and desired power as 0.9, the number of
samples was calculated as 11. We expected that the differ-
ence in gene expression with an effect size greater than
2 may be identified with 90% statistical power using 11-12
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samples for each group. In addition, our scRNA-seq data
were obtained from 43,152 individual cell transcriptomes.
The number of cells is expected to be sufficient for a
comparative analysis in scRNA-seq data; however, only 1
representative patient-derived and 1 control enteroid were
used. Nevertheless, scRNA-seq results supported our bulk
RNA-seq analysis and the main findings. Finally, CD enter-
oids were generated by using the crypts isolated from the
non-inflamed mucosa. In our previous study, the generation
of organoids from patient biopsy samples was attempted.”’
Before the publication of this study, we attempted to
establish an intestinal organoid of the inflamed mucosa near
the ulcer. However, the isolated crypts were sparse,
damaged, short, and broken. The subsequent organoid for-
mation was ineffective. When the organoids were sub-
cultured for more than 3 passages, there were no
differences in the morphology and culturing behavior of the
intestinal organoids derived from inflamed and non-
inflamed mucosa of patients with CD. Therefore, we
cultured organoids by using intestinal crypts isolated from
macroscopically non-inflamed mucosa. In addition, consid-
ering that the turnover of the intestinal epithelium is every
3-5 days, subcultured organoids (>3 passages) derived
from inflamed or non-inflamed mucosa of patients with CD
may not affect the experiments to evaluate our hypothesis
(Figure 8). Although the intestinal crypts can be isolated
from inflamed mucosa or active ulcer margin in patients
with CD, the successful long-term culture rate was low
compared with those isolated from non-inflamed mucosa.

Previously, we have performed RNA-seq to evaluate
genome-wide gene expression pattern in the mucosa of CD
patients by using 13 pairs of inflamed and non-inflamed
mucosa obtained from the same patients with active CD.”?
Using these RNA-seq data, the expression pattern of the
TNF« signaling pathway and COX2/PGE2 axis was analyzed.
As predicted, the expression of TNFa signaling genes was
increased in inflamed mucosa compared with non-inflamed
mucosa of patients with CD (Figure 9). Like our organoid
model, MLKL expression was significantly increased in the
inflamed mucosa compared with the non-inflamed mucosa
in patients with CD; however, the expression of apoptosis-
related gene was not increased in the inflamed mucosa of
CD. The expression of Cox-PGE2 pathway genes, including
PTGS1, PTGS2, PTGES, and TBXAS1, was significantly
increased in the inflamed mucosa compared with the non-
inflamed mucosa in patients with CD. These results indi-
cate MLKL-mediated necroptosis and COX-PGE2 pathway
may be activated in the inflamed mucosa in patients with
active CD. Furthermore, these observations support that the
patient-derived enteroid model can recapitulate the
response of human intestinal epithelial responses in pa-
tients with CD.

Figure 6. (See previous page). RNA-seq analysis for ER stress- and autophagy-related genes in control enteroids and
CD patient-derived enteroids. Bulk RNA-seq. (A) Heatmap with hierarchical clustering for DEGs (paired t test with Bonferroni
multiple comparison, adjusted P < .01, g < 0.05). (B) Differences in expression levels (FPKM) of ER stress- and autophagy-
related genes in paired sample of TNFa-untreated and -treated enteroids derived from controls and CD patients. Single-cell
RNA-seq. Expression of ER stress- and autophagy-related genes using heatmap (C) in the enteroids derived from controls and

CD patients and (D) in the intestinal epithelial lineages.
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Patient-derived enteroids recapitulate disease-specific
characteristics of intestinal epithelial cells. In human
enteroids, TNF« induces necroptotic cell death and repara-
tive epithelial cell proliferation through LGR5+ ISC expan-
sion. However, in CD patient-derived enteroids, TNFa-
induced LGR5+ ISC expansion is impaired, resulting in
decreased organoid-forming efficiency and delayed wound
healing. Because self-renewal is the main feature of ISCs, we
can describe the failure of ISC expansion as the dysfunction
of LGR5+ ISCs. Exogenous PGE2 promoted the expansion of
LGR5+ ISCs and improved organoid-forming efficiency and
wound healing in TNFa-treated CD patient-derived enter-
oids. The combination of low-dose infliximab and PGE2
showed synergistic effects on wound healing in CD patient-
derived enteroids. Therefore, PGE2 could be a promising
therapeutic candidate for improving the repair and regen-
eration of intestinal epithelium in patients with CD. Further
studies and clinical trials are required to evaluate the
therapeutic efficacy of PGE2 in CD.

Methods

Sample Collection

To establish human intestinal organoids (enteroids),
human small intestinal samples were obtained from con-
trols (n = 12) and patients with CD (n = 11) by using bi-
opsy forceps during single-balloon enteroscopy at the
Samsung Medical Center, Seoul, Korea, between November
2016 and December 2018. Patients with CD were diagnosed
according to the practice guidelines.”® The characteristics of
the enrolled patients are listed in Table 1. In patients with

CD, at least 4 biopsy specimens were obtained at least 5 cm
away from the ulcers. Control patients underwent single-
balloon enteroscopy for the evaluation of submucosal tu-
mor (n = 8; ectopic pancreas [n = 3], lipoma [n 2],
gastrointestinal stromal tumor [n = 2], neuroendocrine tu-
mor [n = 1]) and unexplained abdominal symptoms (irri-
table bowel syndrome, n = 4). The median age was 43 years
(range, 18-72 years), and 9 patients were male. At least 4
biopsy specimens were collected from the normal mucosa of
the small intestine.

This study was approved by the Institutional Ethical
Committee of the Samsung Medical Center (IRB No. 2016-
02-022). All samples were taken with informed consent
from the enrolled individuals.

Crypt Isolation From Biopsies

The intestinal crypts were isolated from endoscopic
biopsy specimens as described previously.””’*”® Briefly,
endoscopic biopsy specimens were incubated in
phosphate-buffered saline (PBS) with 10 mmol/L EDTA
(Thermo Fischer Scientific, San Jose, CA) and 1 mmol/L
dithiothreitol (Thermo Fischer Scientific) at 4°C on a
rocker at 50 rpm for 30 minutes. The supernatant, con-
taining villi and debris, was decanted and discarded. In-
testinal crypts were obtained by adding fresh PBS to the
pellet, followed by vortexing for 30 seconds. The super-
natant containing crypts were collected and filtered
through a 70-um cell strainer (Corning, Bedford, MA). This
procedure was repeated 3 times. The fractions were com-
bined and centrifuged at 200g at 4°C for 2 minutes, and the
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Figure 9. TNF« signaling pathway and its related genes expression in the inflamed and non-inflamed mucosa obtained
from the same patients with active CD. (4) Hierarchical clustering heatmap of TNF« signaling pathway and its related genes
in 13 pairs of inflamed and non-inflamed mucosa obtained from the same patients with active CD. DEGs were identified by
using the Wilcoxon matched-pairs signed-rank test (P < .05). (B) Differences in expression levels (FPKM) of TNFa pathway
genes in paired sample of inflamed and non-inflamed mucosa of same patients with active CD. Differences were evaluated

using paired t test; *P < .05, P < .01.

pellet was resuspended in basal medium (advanced Dul-
becco modified Eagle medium/F12 [Thermo Fisher Scien-
tific]) supplemented with antibiotic-antimycotic solution
(Thermo Fischer Scientific), 10 mmol/L HEPES (Thermo
Fisher Scientific), GlutaMAX (Thermo Fisher Scientific), 1 x
N2 (Thermo Fisher Scientific), 1x B27 (Thermo Fisher
Scientific), and 1 mmol/L N-acetylcysteine (Sigma-Aldrich,
St Louis, MO). The suspension was centrifuged at 200g at
4°C for 2 minutes, and the pellet was resuspended in the
basal medium.

Three-Dimensional Intestinal Crypt Culture
Intestinal crypts were cultured three-dimensionally as
described previously.*””*”* Briefly, the isolated crypts were
pelleted with 3 quick spins, resuspended in Matrigel (Corn-
ing), and plated in 48-well culture plates (Corning). After
incubation at 37°C for 15 minutes, 250 uL of maintenance
medium (50% Wnt3a-conditioned medium [ATCC#CRL-
2647, Manassas, VA]), 50% 2x basal medium supple-
mented with 50 ng/mL recombinant human epidermal
growth factor (Sigma-Aldrich), 100 ng/mL recombinant

Table 1.Characteristics of Enrolled Patients With Crohn’s Disease

CD#1 CD#2 CD#3 CD#4 CD#5 CD#6 CD#7 CD#8 CD#9 CD#10 CD #11

Age, y 22 43 28 32 33 20 22 48 21 28 32
Gender Male Female Male Male Male Male Male Male  Female Male Male
Montreal classification (n)

Age at diagnosis (A1/A2/A3) Al A2 A2 A2 A2 A2 A2 A3 A2 A2 A2

Location (L1/L2/L3) L3 L3 L3 L2 L2 L2 L3 L3 L2 L2 L3

Upper gastrointestinal - - - - L4 - L4 - = - -

modifier (L4)

Behavior (B1/B2/B3) B1 B2 B2 B1 B2 B2 B2 B1 B1 B2 B2

Perianal disease modifier (p) p - - p p - p 5 - P -
Medication at sampling

5-aminosalicylic acid - + - - - - - + - - -

Glucocorticoids + - - - - + + - - - -

Immunomodulator + + + - + + + - + + +

Infliximab - + + + - - - + - -

Adalimumab - - - - + - - + - - -

Ustekinumab - - - - - - - - - + +
Endoscopic finding

Mucosal healing = - + - - - = = - -

Active ulcer + + - - + + + 4 4 4 +
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human noggin (R&D Systems, Minneapolis, MN), 500 ng/mL
recombinant human R-spondin 1 (PeproTech, Cranbury, NJ),
10 mmol/L nicotinamide (Sigma-Aldrich), 10 umol/L
p160ROCK inhibitor (Y27632; Selleckchem, Houston, TX), 10
umol/L p38 MAP kinase inhibitor (SB202190; Sigma-
Aldrich), and 10 nmol/L PGE2 (Cayman Chemical, Ann Ar-
bor, MI). GSK3 inhibitor (CHIR99021; Stemgent, Cambridge,
MA) was added to the medium during the first 2 days.

Organoid Subculture and Maintenance

After culturing the cells for 7 days, the organoids in the
Matrigel were mechanically disrupted by pipetting. The
dissociated organoids were washed with 10 mL of basal
medium and centrifuged at 200g at 4°C for 30 seconds. The
pellet was resuspended in 2 mL of cell dissociation buffer
(Thermo Fisher Scientific) and incubated in a water bath at
37°C for 5 minutes. The cell pellet was resuspended in
Matrigel and plated in 48-well culture plates (Corning). After
incubation at 37°C for 15 minutes, 250 uL of maintenance
medium was added. The medium was changed every 2 days,
and organoids were passaged at a ratio of 1:2 to 1:4 on day 7.

Enteroids Differentiation

After 4-6 passages, most of the organoids in the main-
tenance medium formed uniform spheroids and could be
passaged stably for a long time. To recapitulate the struc-
ture and function of the intestinal epithelium, the spheroids
were cultured in the differentiation medium (maintenance
medium without Wnt3A conditional medium, SB202190,
nicotinamide, and PGE2).? The intestinal organoids cultured
in differentiation medium (enteroids) had visually sharp
borders (buddings) along their basolateral (anti-luminal)
side and irregular, thick walls composed of epithelial cells.”®
The differentiation medium was changed every 2 days, and
enteroids were cultured for 7-12 days.

Organoid-Forming Efficiency

The intestinal organoids were cultured in the mainte-
nance medium for 2 days to obtain a stable number of
organoids before inducing organoid differentiation because
TNFa is known to induce cytotoxicity in certain cells, lead-
ing to cell death. After 2 days, the maintenance medium was
replaced with the differentiation medium and was replen-
ished every 2 days. Different concentrations of human re-
combinant TNFa (R&D Systems) were added to the culture
medium every 24 hours. The number of organoids formed
depends on the density of the seeded cells.”” Therefore, the
number of organoids was counted at 2 days (before treat-
ment with TNF«) and 9-10 days (after treatment with
TNF«) after embedding under an inverted microscope
(Leica Microsystems, Wetzlar, Germany). Organoid-forming
efficiency was calculated as follows: organoid-forming effi-
ciency (%) = (number of organoids at 9-10 days/number of
organoids at 2 days) x 100.

MTT Assay
Ten microliters of MTT (Sigma-Aldrich) was added to
each well of the culture plates and incubated for 3 hours
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until purple precipitate was visible. After adding 100 uL of
the detergent reagent, the organoids were incubated at
room temperature in the dark for 2 hours, and the absor-
bance was recorded at 570 nm. The optical density of
organoids at 570 nm was expressed as percentage based on
the values for TNFa-free control enteroids.

Two-Dimensional Human Intestinal Organoid
Culture and Wound Healing Assay

Each well of the 24-well plate was coated with 50 uL of
0.8 mg/mL Matrigel diluted in the basal organoid medium at
37°C for 1 hour. For two-dimensional culture, organoids in
the three-dimensional culture were enzymatically digested
into single cells using TrypLE Express (Thermo Fisher Sci-
entific). The digested cells were resuspended in the basal
medium and seeded into Matrigel-coated wells.

To perform the wound healing assay, 5 x 10* cells were
seeded in wells of a 24-well plate containing inserts of
CytoSelect 24-Well Wound Healing Assay (Cell Biolabs, San
Diego, CA). We cultured two-dimensional organoid mono-
layers in maintenance medium until confluence was
reached. The inserts were then carefully removed to pro-
duce 0.9-mm-diameter wounds, and fresh differentiation
medium was added to each well.”® The wound was moni-
tored using a phase-contrast microscope at 0, 4, 8, 16, and
24 hours (Leica Microsystems). The area of the non-healed
wound was measured in 3 different regions. The unhealed
wound area was expressed as percentage based on the
values for TNFa-free control enteroids.

Real-Time Quantitative Reverse Transcription
Polymerase Chain Reaction

Total RNA was extracted from intestinal organoids
using the RNeasy Mini Kit (Qiagen, Hilden, Germany). One-
step quantitative polymerase chain reaction was per-
formed using the One Step PrimeScript III RT-qPCR Mix
(Takara, Kusatsu, Japan) with the following primers: LGR5
primer (forward: 5-CCTGCTTGACTTTGAGGAAGACC-3/,
reverse: 5'-ACACATTGGGGGTAGGAACA-3").

RNA Sequencing

Total RNA was extracted from enteroids using RNeasy
Mini Kit (Qiagen). RNA-seq was conducted using total RNA
samples with >10 ug of RNA and an integrity number >8.
cDNA libraries were sequenced with HiSeq2500 using the
100 base pair paired-end mode. Reads from files in the
FASTQ format were mapped to the hg19 human reference
genome using HISAT 2.2.0, with default parameters. Raw
read counts mapped to genes were measured by using the
BAM format file in HTSeq version 0.12.3 to quantify tran-
script abundance. The coding genes were selected, and
DEGs analysis was conducted with EdgeR (version 3.28.1).
Raw read counts were normalized to the trimmed mean of
M-values. Unsupervised hierarchical clustering analysis
with the Euclidean distance and complete linkage algo-
rithm was used to create a heatmap with the associated
dendrogram.
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Single-Cell RNA-Seq

Intestinal organoids treated with and without 30 ng/ml
TNF were mechanically disrupted by vigorous pipetting and
then enzymatically digested into single cell suspension us-
ing TrypLE Express (Thermo Fisher Scientific). Bar-coded
sequencing libraries were prepared and sequenced on a
HiSeq X Ten system, targeting 10,000 per each sample.
Reads were aligned to a human reference genome (GRCh38-
3.0.0) and processed using the CellRanger 3.1.0 pipeline
(10X Genomics, Pleasanton, CA).

The raw gene expression matrix was filtered using the
Seurat R package (version 4.0.3) and selected according to
the following criteria: cells with >200 genes and <20% of
mitochondrial gene expression in UMI counts. Cells that
passed the filtering criteria were integrated and clustered.
Intestinal epithelial cell type was annotated on the cluster
depending on the presence of the differential expression of
the cell marker identified in the database.”” When several
cell markers were expressed significantly in a single cluster,
the cell type was assigned on the basis of the number of
expressing cell markers or well-established marker
expressions.

Developmental Trajectories Analysis

Slingshot was used to illustrate lineage differentiation
within all clusters.”” The start point was set at cluster 8
(LGR5+ ISC) and cluster 0 (reserve ISC). The endpoint was
inferred by pseudotime ordering along the trajectory of the
differentiated cell-enriched clusters.

Immunohistochemistry

After removing the culture medium, the organoids were
washed with PBS and fixed in cold 4% paraformaldehyde at
room temperature for 30 minutes. The fixed organoids were
washed with PBS and embedded in HistoGel (Thermo Fisher
Scientific). HistoGel blocks were used for paraffin embed-
ding and sectioned for histologic and immunohistochemical
analyses. Histologic evaluation was performed using hema-
toxylin-eosin-stained  sections. After heating-induced
epitope retrieval with citrate buffer, immunohistochem-
istry was performed using antibodies against E-cadherin
(1:100; Abcam, Cambridge, UK), OLFM4 (1:200; Cell
Signaling, Danvers, MA), lysozyme (1:200; Thermo Fisher
Scientific), CC3 (1:200; Cell Signaling), LGR5 (1:400;
Abcam), and BMI1 (1:800; Abcam).

TUNEL Assay

Apoptosis-associated DNA fragmentation was detected
by TUNEL assay using the In Situ Cell Death Detection Kit
(Merck, Darmstadt, Germany). Positive control sections
were incubated with 10 U/mL recombinant DNase I, and
negative control sections were processed in the same
manner without the terminal transferase enzyme.

Double Immunofluorescence for CC3 and TUNEL
Primary rabbit antibodies specific for CC3 and a goat
anti-rabbit secondary antibody conjugated to Alexa 594
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fluorochrome (red fluorescence) were used to localize CC3.
To assess DNA fragmentation, the same sections were pro-
cessed for TUNEL staining using fluorescein-labeled dUTP
(green fluorescence). Cell nuclei were stained with DAPI
(blue fluorescence). The number of CC3+ and TUNEL+ cells
was measured in 10 organoids (size >100 um) selected
from TNFa-untreated and -treated enteroids derived from
controls and patients with CD.

Alcian Blue Assay

After heating-induced epitope retrieval with citrate
buffer, the paraffin-embedded organoids were fixed with
3% acetic acid, stained with alcian blue solution (Sigma-
Aldrich) for 30 minutes, and washed with distilled water.
The stained area was quantified using Image] and expressed
as percentage relative to the average stained area in the
TNFa-untreated control enteroids.

Flow Cytometry

To prepare single-cell suspensions, enteroids were
incubated with TrypLE Express in the water bath at 37°C for
30 minutes. The dissociated cells were washed with basal
medium and collected by filtering through a 40-um strainer.
Cells (1 x 10°) were incubated with the human Lgr5/GPR49
antibody (R&D Systems) in fluorescence-activated cell
sorting buffer for 30 minutes. Unbound antibodies were
washed out, and the cells were incubated with Alexa Fluor
488-conjugated anti-mouse immunoglobulin G secondary
antibody (Thermo Fisher Scientific) for 30 minutes. The
cells were then washed, resuspended in fluorescence-
activated cell sorting buffer, and analyzed on the FACS
Aria III instrument (BD Biosciences, Franklin Lakes, NJ) to
evaluate LGR5+ ISCs population.
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