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TMEM219 signaling promotes intestinal stem cell
death and exacerbates colitis
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Mechanisms by which mucosal regeneration is abrogated in inflammatory bowel disease (IBD) are still under investigation,
and a role for an intestinal stem cell (ISC) defect is now emerging. Herein, we report an abnormal ISC death that occurs in
Crohn’s disease, which exacerbates colitis, limits ISC-dependent mucosal repair, and is controlled through the death factor
Transmembrane protein 219 (TMEM219). Large alterations in TMEM219 expression were observed in patients with Crohn’s
disease, particularly in those with active disease and/or those who were nonresponders to conventional therapy, confirming
that TMEM219 signaling is abnormally activated and leads to failure of the mucosal regenerative response. Mechanistic
studies revealed a proapoptotic TMEM219-mediated molecular signature in Crohn’s disease, which associates with Caspase-8
activation and ISC death. Pharmacological blockade of the IGFBP3/TMEM219 binding/signal with the recombinant protein
ecto-TMEM219 restored the self-renewal abilities of miniguts generated from patients with Crohn’s disease in vitro and
ameliorated DSS-induced and T cell-mediated colitis in vivo, ultimately leading to mucosal healing. Genetic tissue-specific
deletion of TMEM219 in ISCs in newly generated TMEM219"/LGR5® mice revived their mucosal regenerative abilities both
in vitro and in vivo. Our findings demonstrate that a TMEM219-dependent ISC death exacerbates colitis and that TMEM219
blockade reestablishes intestinal self-renewal properties in IBD.

Introduction

Chronic inflammation of the small and large intestines associat-
ed with acute flares and remitting symptoms are key features of
inflammatory bowel disease (IBD), particularly Crohn’s disease
(CD) (1, 2). Over the past 2 decades, suppression of immune and
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inflammatory responses has represented a cornerstone in the med-
ical therapy of CD; however, the relapsing-remitting nature of the
disease still leads to unsuccessful clinical results (3-5). This is possi-
bly due to the lack of strategies that could harness intestinal muco-
sa regeneration (6-—8). Recent studies have suggested that intestinal
stem cell (ISC) apoptosis replenishment of the mucosa is altered in
CD, leading to disruption of tissue regeneration (3, 9). Impairment
of ISCs, which limits the mucosal response to damage, has also
been described in other gastrointestinal disorders, such as colorec-
tal cancer (10) and environmental colitis (infectious, toxic, drug
induced, or disease associated) (11-15). Several cell death mech-
anisms and factors, including tumor necrosis factor-a (TNF-a) or
CD95 ligand, regulate epithelial cell turnover in the intestine and
act by activating Caspase-8 cascade (16, 17). Recently, a Caspase-8—
dependent cell death/survival mechanism has been described for
the death receptor Transmembrane protein 219 (TMEM219) (18,
19) when binding to its ligand, the insulin-like growth factor bind-
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ing protein 3 (IGFBP3) (20, 21), and a TMEM?219 signaling has
been also described in ISCs (22). Despite being the major carrier
for insulin-like growth factor-1 (IGF-I) in the circulation and an
important regulator for its bioavailability to tissues and organs,
IGFBP3, the most abundant among the 6 IGFBPs in the blood-
stream, can also exert an IGF-I-independent effect in different cell
types (18, 23, 24) and particularly in ISCs, by signaling through
TMEM219 and favoring ISCs loss and dysfunction (22). Whether
abnormalities in the compartment and function of ISCs exist in
CD, which lead to an uncontrolled destruction and inflammation
of the intestinal mucosa and may halt the healing of the tissue, has
only been partially explored. In this study, we demonstrated the
existence of an abnormal ISC death in CD, which exacerbates coli-
tis, limits ISC-dependent mucosal repair, and is controlled through
the death factor TMEM219. Indeed, TMEM219-mediated ISC
dysfunction occurs through activation of Caspase-8, and it is asso-
ciated with failing regenerative abilities of the intestinal mucosa
and persistent inflammation. Genetic and pharmacological block-
ade of the IGFBP3/TMEM219 signaling successfully preserved
ISCs and their self-renewal properties in vitro, enabled proliferation
and recovery of intestinal crypts, and ameliorated the signs and
symptoms of acute and chronic colitis in preclinical models in vivo.

Results

ISC defects exist in CD. To determine whether ISCs are altered in CD,
we first explored the expression of ISC markers by transcriptomic,
flow cytometry, and IF confocal analyses in intestinal tissue sam-
ples of patients with CD in different disease stages (Supplemental
Table 1; supplemental material available online with this article;
https://doi.org/10.1172/JCI185783DS1) compared with patients
without CD, who were considered controls. Our flow cytometry
analysis demonstrated a decrease of ISCs (CD45 EphB2*) in sam-
ples of patients with active disease obtained from the marginal area
and absence of ISCs nearby the inflammatory lesion (inflamed
area), (Figure 1, A and B and Supplemental Figure 1A). Few ISCs
were also detected in patients with disease not responding to con-
ventional first-line or second-line therapy (nonresponders), while
ISCs appeared more abundant in patients responding to therapy in
the remission phase (responders), thus suggesting the existence of
a defect in ISCs, particularly in active disease (Figure 1, A and B).
A stem cell transcriptome profile also revealed a decreased expres-
sion of the most relevant stem cell markers in samples of patients
with active disease, primarily in the inflamed area, and in patients
who were nonresponders, including the ISC markers EPHB2 and
LGRS, whose expression was near normalized in patients who
were responders in remission phase (Figure 1C and Supplemental
Table 2). A confocal analysis further confirmed decreased expres-
sion of the ISC marker EPHB2 in patients with active disease and
in nonresponders with no detectable expression in the inflamed
area, in which the crypt architecture was completely subverted
and destroyed (Figure 1D and Supplemental Figure 1B). ISH also
demonstrated a decreased LGRS positivity in patients with active
disease compared with individuals who were controls, thereby sup-
porting the existence of an ISC defect in active CD (Supplemen-
tal Figure 1C). The reappearance of ISCs observed in responder
patients (Figure 1, A-D) strengthened the relevance of an ISC-
mediated mucosal repair in CD. To next demonstrate a functional
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defect of ISCs in CD, we generated large crypt organoids, namely
“miniguts”, from all patient cohorts with CD and from patients
without CD. The development of miniguts, with at least 1 crypt
domain visible after an 8 day culture, was reduced up to 50% in
patients with active disease (marginal area) and in patients who
were non-responders compared with individuals who were con-
trols, with only spheroids developing from the inflamed area (Sup-
plemental Figure 1, D-F). The parallel reduction observed in the
mRNA expression of the ISC markers EPHB2 and LGRS in these
miniguts pointed at a defect in ISCs primarily responsible for the
failure of mucosal regeneration (Supplemental Figure 1, D-F); this
was further confirmed by demonstrating a recovery of self-renew-
al ability and ISC marker expression in miniguts of patients who
were responders in remission phase. In line with this, organoids
generated from crypts of participants who were controls cultured
in the presence of pooled sera of patients with active disease and
of patients who were nonresponders failed to normally grow com-
pared with those cultured with control serum or with serum of
responder patients in remission phase (Figure 1E) and showed low
expression of ISC markers (Figure 1F). We finally confirmed that
the defects in ISCs in CD also reside in their prone-to-death charac-
teristics, as the ISCs of patients with active CD, particularly those
extracted from the inflamed area, and of patients who were non-
responders were highly apoptotic (Figure 1, G and H) and had a
high rate of dying cells (Figure 1I) compared with ISCs from people
who were controls and patients who were responders in remission
phase. These findings demonstrate that a defect in ISC expression
and function exists in active CD and may be responsible for the
inability of intestinal mucosa to regenerate and respond to inflam-
matory and environmental triggers.

Dysfunctional Caspase-8—mediated TMEMZ219 signaling is present in
CD. Given that ISCs appeared to be more prone to death in CD,
we explored the apoptosis/cell death transcriptome in samples of
patients with active CD, samples of marginal and inflamed areas
from patients with active CD, in patients who were responders in
remission phase, and in patients who were nonresponders com-
pared with people who were controls. We delineated a proapop-
totic signature in active disease, with several proapoptotic factors
overexpressed and with CASP8 being a major factor linked to dis-
ease activity and response to therapy (Figure 2A and Supplemental
Table 3). To better address the role of Caspase-8, we next analyzed
Caspase-8 activation and demonstrated increased levels of Cleaved
Caspase-8 in active disease and in patients who were nonrespond-
ers, while a decrease to normal was observed in patients who were
responders in remission phase (Figure 2B). Confirmatory analyses
in intestinal organoids, miniguts, generated from patients with CD
at different disease stages and in miniguts cultured in the presence
of serum of all patient cohorts revealed a 2-to-3—fold increase in
cleaved Caspase-8 in patients who were in active disease/non-
responding to therapy (Figure 2, C and D) compared with indi-
viduals who were controls and to patients who were responders
in remission phase (Figure 2, C and D). These results suggest a
link between the apoptotic signature of ISCs and the failure of
self renewal in active CD (Figure 2, C and D). Using a bioinfor-
matics approach and available databases (Genemania Cytoscape
[https://genemania.org/], IntAct-EMBL-EMI [https://www.ebi.
ac.uk/intact/documenta:on/user-guide], and PINA 3.0 [https://
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Figure 1. Intestinal stem cell defects exist in active Crohn’s disease. (A and B). Flow cytometric analysis of CD45-EPHB2* ISCs of patients with active
Crohn's disease (CD, marginal and inflamed areas), responders in remission phase, nonresponders, or controls (n = 6-10/group). (C). Transcriptome profile
delineating the stem cell-related signature in intestinal samples of controls and of patients with CD from all patient cohorts. (D). Representative pictures
of HEE (upper panels) and confocal analysis (lower panels) of the ISC marker EPHB2 (red) and of the epithelial marker Cytokeratin 20 (CKT20, green) in
intestinal samples of controls and of patients with Crohn’s disease from all patient cohorts. Nuclei stained by DAPI. Original magnification x20; scale

bar: 100 um. (E). Development of miniguts from crypts isolated from controls and grown in pooled serum of people who were controls or patients (n = 5)
with Crohn’s disease from all patient cohorts, in place of 10% FBS (n = 10/group). (F). Normalized mRNA expression of the ISC markers EPHB2 and LGR5
quantified in miniguts, as described in E (n = 10/group). (G and H). Flow cytometric analysis (fold increase) and flow plots of Annexin-V* ISCs of patients
with Crohn’s disease from all patient cohorts compared with people who were controls (n = 7-9/group). (I). Cell death analysis in intestinal samples of
people who were controls and of patients with Crohn’s disease from all patient cohorts (n = 5-8/group). Mean + SEM. At least 3 independent experiments
performed in duplicate. 1-way ANOVA followed by Sidak’s post hoc analysis.

omics.bjcancer.org/pina/]), we delineated the Caspase-8 interac-  (Figure 2E) and observed that TMEM219 appeared to be strictly
tome (Supplemental Figure 1, G and H and Supplemental Table  associated as a major interactor and partner for the Caspase-8 sig-
4). After excluding all the intracellular transcription factors and  naling pathway (Figure 2F and Supplemental Figure 1I). In vitro
other proapoptotic transcripts, we focused on surface molecules  mechanistic studies further demonstrated that TMEM219 silencing
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Figure 2. Dysfunctional Caspase-8-mediated TMEM219 signaling in Crohn’s disease. (A). Apoptotic gene signature analyzed in intestinal samples of
patients with active Crohn'’s disease (CD, marginal and inflamed areas), of patients who were responders in remission phase and nonresponders compared
with controls (Ctrl). (B). Cleaved Caspase-8 measured in intestinal samples of people who were controls and of patients with Crohn'’s disease from all patient
cohorts (n = 5-8/group). (C and D). Cleaved Caspase-8 quantified in miniguts developed from individuals who were controls and from patients with Crohn'’s
disease of all patient cohorts (n = 6/group) or measured in miniguts of control samples cultured with pooled serum of people who were controls or patients
with Crohn'’s disease (n = 5) from all patient cohorts in place of 10% FBS (n = 6/group). (E). Cell membrane receptors identified in the Caspase-8 interactome
and depicted based on their ranking of interactions using Genemania analysis. (F). Network of Caspase-8 gene-gene interactions generated by the IntAct
software, based on molecular interaction, type, and method of detection. Top 8 genes and Miscore for interaction with Caspase-8 are shown. (G). Cleaved
Caspase-8 measured in Caco2 cells transfected with siRNA TMEM219 and cultured with the TMEM219 ligand IGFBP3 (50 ng/mL), (n = 3). (H and 1). Flow
cytometric expression of TMEM219 in intestinal cells of people who were controls (n = 13) and patients with Crohn’s disease from all patient cohorts (n = 7/
group). (J). Representative pictures of TMEM219 immunofluorescence expression in intestinal samples of people who were controls and of patients with
Crohn's disease from all patient cohorts. The crypt base location of positive cells is highlighted. Original magnification x20; scale bar: 100 pm. (K and L).
TMEM213 protein and mRNA expression quantified in intestinal samples of patients with Crohn’s disease from all patient cohorts compared with controls
(n = 5-8). Mean + SEM. Box plots include the median line, the minimum and maximum value, and the upper and lower quartile. At least 3 independent
experiments performed in duplicates. 1-way ANOVA followed by Sidak’s post hoc test and 2-sided t test.

through siRNA prevented Caspase-8 activation (Figure 2G), and
that direct inhibition of the TMEMZ219 signaling correlated with
levels of activated Caspase-8 in a dose-dependent manner (Sup-
plemental Figure 2A). Based on the observation that a Caspase-8—
mediated ISC defect exists and that it may be linked to overactive
TMEM219 signaling, we moved to explore whether TMEM219
expression was altered in intestinal samples of our patient cohorts.
A flow cytometric analysis first confirmed that TMEMZ219 was
expressed in intestinal cells and demonstrated an elevated percent-
age of TMEM219-positive cells in patients with active CD and in
patients who were nonresponders, while TMEM219-expressing
cells were fewer in patients who were responders in remission
phase, similar to controls (Figure 2, H and I). This observation was
paralleled in an immunofluorescence confocal analysis, which also
revealed that TMEM219 positivity was mainly, although not exclu-
sively, located at the base of the crypt, where ISCs and progenitor
cells reside, and that TMEM219 was coexpressed with the stem
cell marker Aldehyde Dehydrogenase and with the ISC marker
LGRS (Figure 2J and Supplemental Figure 2, B and C). This was
also proved in organoids derived from controls, while the lack of
LGRS expression did not allow the same observation in active CD
(Supplemental Figure 2D). Moreover, TMEM219 was only slightly
detectable in other intestinal epithelial subtypes such as enterocytes
and enteroendocrine cells (Supplemental Figure 2E). Finally, an
analysis of TMEM219 mRNA and protein levels confirmed an ele-
vated TMEM219 expression in active disease and in non-respond-
er patients as compared to controls and to responder patients in
the remission phase, in which TMEM?219 level returned to normal
(Figure 2, K and L). The aforementioned data also matched with
a peripheral proinflammatory cytokine profile observed in active
disease (Supplemental Figure 2F) and suggested a role for the local
inflammatory environment in mediating TMEM?219 upregulation.
Increased TMEMZ219 expression was primarily evident in intes-
tinal cells cultured with inflammatory cytokines and it was asso-
ciated with higher cell death. Further analysis also demonstrated
that upregulated TMEM219 expression was also detectable in
presence of other noxae (i.e., ER and oxidative stress or increased
local IGFBP3), resulting in an increased cell death (Supplemental
Figure 3, A and B). Indeed, IGFBP3 is highly expressed in the liver
of patients with active disease, and it is highly produced in vitro
by hepatocytes cultured with TNF-a (Supplemental Figure 3, C
and D). Our results suggest that an abnormal Caspase-8—mediated
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TMEMZ219 signaling is active in CD within the intestinal mucosa
and may halt tissue regeneration and healing.

Mechanistic studies delineate TMEMZ219-related proapoptotic down-
stream signaling. To demonstrate the potential benefit of blocking
TMEMZ219 signaling in target cells, such as intestinal progenitors/
stem cells, we first demonstrated the binding between IGFBP3 and
TMEM219-expressing cells within purified intestinal cells obtained
from individuals who were controls (Figure 3A). Next, we con-
firmed in vitro, using the intestinal cell line CaCo2, that TMEM219
is expressed on the cell surface and it binds both to the IGFBP3
protein and to IGFBP3 circulating in blood (Figure 3B and Supple-
mental Figure 4, A and B). As the activation of TMEM219-medi-
ated cell death is thought to occur through the Caspase-8 pathway,
we confirmed that, among all the Caspases potentially involved
in the downstream signaling, only activation of Caspase-§, mea-
sured through cleaved Caspase-8 quantification, was increased in
intestinal cells cultured in the presence of the TMEM219 ligand
IGFBP3 (50 ng/mL), (Figure 3C). As a proof of mechanism, when
all the Caspase inhibitors were tested in the same experiment, Pan-
caspase and Caspase-8—selective inhibitors were the most powerful
in blocking the TMEM219 death signal (Figure 3D). To this end,
we also demonstrated that, in the miniguts assay, in which we cul-
tured organoids generated from individuals who were controls with
pooled sera of patients with active disease, the Caspase-8—selective
inhibitor and the Pan-caspase inhibitor to a less extent, among all
inhibitors, preserved organoid development and prevented ISC
death (Supplemental Figure 4, C and D). Moreover, the activation
of TMEMZ219 deleterious signaling in target cells was confirmed by
a reduction in the activated prosurvival factor AKT (Supplemental
Figure 4E). Indeed, a phosphoproteomic analysis in intestinal cells
cultured in the presence of IGFBP3 demonstrated decreased acti-
vation of antiapoptotic factors primarily involved in cell cycle regu-
lation (i.e., Ikkb and Myc), an increased activation of proapoptotic
mediators, particularly of eukaryotic initiation factor 4E-binding
protein 1 (eIF4E-BP1), involved in Caspase-mediated cell apop-
tosis, and of NFkb-p65, which blocks the NFkb pathway, thereby
suggesting that the TMEM219 signal may also promote cell apop-
tosis by disrupting cell cycle regulation (Figure 3E). Interestingly,
phosphoproteomic analysis also revealed that blocking TMEM219
signaling with the recombinant protein ecto-TMEM219, which pre-
vents IGFBP3 interaction with TMEM219, triggered some positive
and prosurvival pathways (Figure 3F). Moreover, ecto-TMEM219
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Figure 3. Mechanistic studies delineate a TMEM219-related proapoptotic downstream signaling. (A and B). Confocal microscopy analysis (Scale bar: 10 um;
original magnification x63) depicting colocalization and binding of TMEM219 (green) and IGFBP3 (red) in intestinal cells dissociated from a control sample
and incubated with recombinant IGFBP3 overnight and in CaCo2 cells. Cells were stained with DAPI for nuclei (blue) and immunolabeled with anti-TMEM219
(green) and anti-IGFP3 Abs (red). (C). Cleaved/activated Caspases 1, 2, 3, 7, 8, and 9 were quantified in CaCo2 cells cultured with/without IGFBP3 (50 ng/mL)
and with/without the TMEM219 inhibitor ecto-TMEM219 (newly generated recombinant protein based on the TMEM219 extracellular portion). (D). Cell death
quantified in CaCo2 cells cultured with/without IGFBP3 with ecto-TMEM219, Pan-caspase inhibitor, and selective inhibitors for Caspases 1, 3,7, 8, and 9. (E
and F). Phosphoproteomic profile identified in CaCo2 cells cultured with/without IGFBP3 (50 ng/mL) and with/without ecto-TMEM219 (130 ng/mL). Differ-
entially expressed phosphorylated proteins (normalized to control) are presented in the heatmap as a ratio between nonphosphorylated and phosphorylated
protein (mean value). In F, up/downregulated phosphorylated proteins with IGFBP3 and with Ecto-TMEM219 are reported. (G and H). Development of miniguts
obtained from crypts of patients with active Crohn’s disase (CD) and cultured with/without IGFBP3 and ecto-TMEM219 (n = 7). Original magnification x20;
scale bar: 100 um. (1 and J). Normalized mRNA expression of EPHBZ (I) and LGR5 (J) in miniguts as described in G (n = 6). (K and L). Development of miniguts
obtained from crypts of controls (Ctrl) and cultured in the presence of pooled sera of patients with active CD in place of 10% FBS and with/without ecto-
TMEM219 (n = 7). Original magnification x20; scale bar: 100 um. (M and N). Normalized mRNA expression of EPHB2 (M) and LGR5 (N) in miniguts obtained as
reported in K (n = 5). Mean + SEM. At least 3 independent experiments run in duplicate. 1-way ANOVA followed by Sidak’s post hoc test and 2-sided t test.

abrogated the activation of apoptotic mediators 4E-BP1, BTK, IGFBP3/TMEM219 signaling/binding with ecto-TMEM219 in
and NFkb-p65, which further blocked the detrimental effect of  vitro could protect ISC function from IGFBP3-mediated nega-
TMEM219 and protected intestinal cells from death (Figure 3F).  tive effects. We first demonstrated that development of miniguts
Therefore, we tested whether pharmacological blockade of the  derived from healthy controls decreased in the presence of IGFBP3
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and was rescued primarily by ecto-TMEM219, while addition of
IGF-I, the IGFBP3 ligand, at increasing concentrations, did not
show any effect (Supplemental Figure 4F) nor did it prevent intes-
tinal cell death or Caspase 8 activation (Supplemental Figure 4, G
and H). Interestingly, miniguts failed to grow when crypts were
obtained from patients with active CD, and the addition of ecto-
TMEM219 to the culture medium restored the self-renewal abilities
of the crypts, with an increased development of near-normal organ-
oids (Figure 3, G and H). This was associated with an increase in
the ISC marker mRNA expression of EPHB2 and LGRS, and with
a downregulation of the proapoptotic TMEM219-related factor
CASPS (Figure 3, I and J and Supplemental Figure 4I). Notably,
development of organoids derived from patients with active CD
were not further reduced in the presence of IGFBP3 in the culture.
‘We demonstrated an increased local IGFBP3 expression in intesti-
nal samples of patients with active disease compared with controls,
which may suggest an already overactive TMEM219 signaling
(Supplemental Figure 4J). Moreover, the development of miniguts
cultured in the presence of serum of patients with active CD was
reduced compared with those cultured with control serum, whereas
ecto-TMEM219 nearly normalized their growth (Figure 3, K and
L). The beneficial effect of IGFBP3/TMEM219 signaling blockade
in this model was proven by the recovery of ISC marker expression
(Figure 3, M and N) and was associated with a decrease in CASPS
and in ISC cell death (Supplemental Figure 3D and Supplemental
Figure 4K). Our results demonstrate that blocking TMEM219 del-
eterious signaling in vitro restores intestinal self-renewal abilities in
organoids generated from patients with CD.

Pharmacological blockade of IGFBP3/TMEMZ219 signal amelio-
rates DSS-mediated acute and chronic colitis in vivo. Next, we used in
vivo models to determine whether pharmacological blockade of
the IGFBP3/TMEM?219 signaling pathway results in the preser-
vation of mucosal regenerative abilities and protects the intestine
from damage. We used a Dextran Sodium Sulfate-induced (DSS-
induced) acute colitis mouse model, in which DSS was orally
administered for 5 days, and ecto-TMEM219 was administered
starting at day —3 in a preventive approach (Figure 4A). Interest-
ingly, animals treated with ecto-TMEM219, compared with those
treated with PBS, showed lower weight loss (Supplemental Figure
5A) and had less diarrhea and nearly absent occult blood/rectal
bleeding, which resulted in a reduced disease activity index (DAI)
score at the end of the study (Figure 4B). Colon length was well
preserved in ecto-TMEM?219-treated animals and associated with
remarkably reduced leukocyte infiltration, which led to a signifi-
cant improvement in the histological score (Figure 4, C and D and
Supplemental Figure 5B). Notably, MKI67 immunostaining, which
marks colonic proliferation and was nearly undetectable in animals
receiving the DSS + PBS, was clearly detectable in the intestines
of animals treated with ecto-TMEM?219, suggesting highly prolif-
erating crypts with near-normalized morphology, paralleling the
features observed in naive untreated animals (Figure 4E). This was
further confirmed by observing positive ALDH immunostaining
in the intestinal crypts of ecto-TMEM?219-treated animals (Fig-
ure 4E) and by the demonstration of a rescue of self-renewal abil-
ities in ex vivo—generated miniguts compared with those obtained
from DSS+PBS-treated mice, which failed to grow and develop
(Figure 4, F and G). Restoration of the regenerative abilities of the
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intestinal mucosa was also demonstrated by the reestablishment of
ISC markers Lgr5 and EphB2 mRNA expression, with Casp8 being
significantly downregulated (Supplemental Figure 5, C and E).
We also confirmed the effect of pharmacological blockade of the
IGFBP3/TMEM219 signaling/binding in vivo in a DSS-induced
acute colitis treatment approach, in which colitis was established
first and administration of ecto-TMEM219 was then started at day
+3. Indeed, treatment with ecto-TMEM219 was associated with an
improved DAI score and an increased colon length (Supplemen-
tal Figure 5, F-H). Notably, direct inhibition of TMEM219 with a
newly generated anti-TMEM219 monoclonal antibody improved
colitis phenotype and disease activity (Supplemental Figure 6,
A-D). The same effect, to a lesser extent, was also observed with
a brand-new anti-IGFBP3 monoclonal antibody (Supplemental
Figure 6, E-H). To further test IGFBP3/TMEMZ219 blockade in
a model that better mimics the chronic inflammation of CD, we
used the DSS-mediated chronic colitis treatment model, in which
colitis was induced with 3 cycles of oral DSS and ecto-TMEM219
was started after the colitis establishment at day +18 (Figure 4H).
Inhibition of TMEM219 signaling was associated with improved
DAI and histological scores, with rectal bleeding nearly absent, a
reduction in some degree of weightloss, and a recovery of colon
size (Figure 4, I-K and Supplemental Figure 7, A and B). Impor-
tantly, an improvement in crypt architecture and mucosal morphol-
ogy was also demonstrated in DSS mice receiving ecto-TMEM219
(Figure 4L, upper and middle panels), and further confirmed by an
amelioration of the overall endoscopic appearance of the colonic
mucosa, with less bleeding, edema, and inflammation (Figure 4,
M and N). A reduction in leukocyte infiltration (Figure 4L upper
panel and Supplemental Figure 7, C and D) and a replenishment in
ISCs and epithelial cells were also observed (Figure 4L lower panel
and Supplemental Figure 7, E-H). To this end, ecto-TMEM219 was
also able to restore the self-renewal ability of the intestinal crypts
in the minigut assay (Supplemental Figure 7, I and J). This regen-
erative effect was also supported by the measurement of serum
IL-22, recently identified as a promoter of mucosal healing and low
in DSS-treated mice, which was nearly normalized along with the
expression of its receptor, by IGFBP3/TMEM219 inhibition, while
no changes were observed in IGF-I levels (Supplemental Figure 7,
K-M). This beneficial effect of ecto-TMEM219 was also support-
ed by the downregulation of Caspase 8 (Supplemental Figure 7N).
Finally, a colonic transcriptome analysis demonstrated an upregula-
tion of major factors involved in the mucosal stress/damage response
and in the ISC-mediated repair with ecto-TMEM219 (Supplemental
Figure 7, O-Q). These data confirm that blockade of TMEM219 is
associated with an amelioration of acute and chronic colitis, which
is linked to an ISC-mediated mucosal healing and repair.
Pharmacological blockade of IGFBP3/TMEM219 signal improves
colitis in a T cell adoptive transfer model. To strengthen our findings,
we demonstrated in a proof-of-concept study that pharmacologi-
cal blockade of the IGFBP3/TMEM219 signaling/binding with
ecto-TMEM219 successfully improved the signs and symptoms
of colitis in a T cell adoptive transfer model, which better paral-
lels the pathogenesis of CD. Briefly, RAG~~ mice were injected
with CD44 CD62L" T cells isolated from B6 donors and treated
after T cell engraftment on day 14 with ecto-TMEM219 or with
the reference compound anti-p40 (Figure 5A). First, we observed
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Figure 4. Pharmacological blockade of IGFBP3/TMEM219 signal ameliorates DSS-mediated acute and chronic colitis in vivo. (A). Experimental design of
the DSS acute prevention model. (B-D). Disease activity index (DAI), histological score, and colon length measured at day +12 in control (n = 5), DSS+PBS
and DSS+ecto-TMEM219-treated mice (n = 7-10). (E). Representative pictures of H&E staining, crypt proliferation (MKI67), and ALDH immunostaining in
colons of controls, DSS+PBS, and DSS+ecto-TMEM219-treated mice. Original magnification x20 (upper and middle panels), x40 (lower panels); scale bars:
100 pum. Arrows indicate ALDH* cells (lower panels). (F and G). Development of 8-day miniguts obtained from colons of controls, DSS+PBS, and DSS+ecto-
TMEM219-treated mice (n = 5/group). Original magnification x20; scale bar: 100 um. (H). Experimental design of the DSS chronic treatment model. (I-K).
DAI (n =10), histological score (n = 5), and colon length (n = 10) measured at day 42 in controls, DSS+PBS, and DSS+ecto-TMEM219-treated mice. (L).
Representative pictures of H&E staining, crypt proliferation (MKI67), and ALDH immunostaining in colons of controls, DSS+PBS, and DSS+ecto-TMEM219-
treated mice. Original magnification x20 (upper and middle panels) and x40 (lower panels); scale bar: 100 um. Arrows indicate MKI67* cells (middle panel)
and ALDH* cells (lower panels). (M and N). Colon endoscopic analysis in controls, in mice receiving DSS+PBS (n = 9),or DSS+ecto-TMEM219 (n = 6), (Day 42).
Mean + SEM. 1-way ANOVA followed by Sidak’s post hoc test and 2-sided t test.

:

a reduction in weight loss with ecto-TMEM219, which paralleled
that obtained with the reference compound anti-p40 (Figure 5B).
An improvement in the colitis severity and stool consistency score
was observed in animals treated with ecto-TMEM?219 at the endo-

scopic analysis accounting for a decrease in the colitis score (Figure
5, C and D). An improved histological score, with a reduction in
subacute inflammation and in the severity of lesions, such as gland
damage/loss, erosions, and epithelial hyperplasia, and an increased
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Figure 5. Pharmacological blockade of the IGFBP3/TMEM219 signaling improves colitis in vivo in the T cell transfer model. (A). Experimental design of the
T cell-mediated acute colitis prevention model, in which mice received T cells at day 0 and developed colitis between days 21 and 35 and were administered
treatment with ecto-TMEMZ219 or with the positive control anti-p40 compound, from day 14 to day 42. (B). Percentage weight change in mice subjected to T
cell-induced colitis and treated with ecto-TMEMZ219, anti-p40, or PBS (n = 8). (C and D). Colitis score and representative endoscopic pictures obtained at day
42 in naive mice (RAG™), in RAG”- mice receiving T cells plus PBS, T cells plus anti-p40, or ecto-TMEM219 in the T cell transfer model (n = 6-10). (E). Rep-
resentative pictures of histological analysis in colon samples of naive mice, mice receiving T cells plus PBS, T cells plus anti-p40, or ecto-TMEM218. Original
magnification x20; scale bar: 100 um. (F and G). Histological score and colon length measured at day 42 in naive mice (n = 5) and in mice receiving T cells +
PBS or T cells + anti-p40 or ecto-TMEM219 in the T cell transfer model (n = 8-12). Mean + SEM. 2-way or 1-way ANOVA followed by Sidak’s post hoc test and

2-sided t test, Mann-Whitney t test.

colon length measured in ecto-TMEM?219-treated mice compared
with untreated mice demonstrated that TMEM219 blockade exerts
a protective effect in an immunological-mediated colitis model
(Figure 5, E-G). Overall, these results indicate that pharmacolog-
ical blockade of the IGFBP3/TMEM219 signaling/binding with
ecto-TMEMZ219 in vivo ameliorates signs and symptoms of acute
colitis and preserves intestinal immune homeostasis.

Genetic deletion of TMEMZ219 in ISCs ameliorates acute colitis in
vivo. To further confirm the relevance of the aforementioned axis
in ISC death and in the exacerbation of inflammatory colitis, we
generated ISC-Tmem219~~ mice by crossing Tmem219%1 with
EGFP-Lgr5°¢ mice, in which Tmem219 was conditionally delet-
ed in LGR5* ISCs (Figure 6A). A nearly complete abrogation of
TMEM219 expression was demonstrated in LGR5* cells of the
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ISC-Tmem219~~ mouse by both gqRT-PCR and flow cytometry
(Figure 6, B-D). An increase in the percentage of LGR5" cells by
flow cytometry and downregulation of Casp8 mRNA in flow-sorted
LGRS5* cells also demonstrated that ISCs were less prone to apop-
tosis in the absence of TMEM219 (Supplemental Figure 8, A-C).
Indeed, both lower Casp8 and higher Lgr5 mRNA expression were
confirmed in ISC-Tmem219~ intestinal samples (Figure 6, E and
F). Moreover, the reduced effect of the TMEM219 ligand IGFBP3
on abrogating minigut development in vitro in ISC-Tmem219~/~
mice compared with WT animals (ISC-B6) further proved the
preservation of regenerative abilities in intestinal crypts and colon
length when TMEM219 signaling was abrogated (Figure 6G and
Supplemental Figure 8, D and E). Based on these observations, we
challenged the ISC-Tmem219~~ mice in the DSS-mediated acute
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Figure 6. TMEM219 genetic deletion in ISCs ameliorates acute colitis in vivo. (A). Genetic approach used to generate the Tmem219%" EGFP-Lgr5® mouse,
namely the ISC-Tmem219~/- mouse. (B-D). Flow plot and bar graph quantifying TMEM219 protein (B and €) and mRNA (D) expression in EpCam*EGFP-
LGR5* intestinal cells isolated from the Tmem219"/f EGFP-Lgr5® mouse, in which Tmem219 was deleted through tamoxifen injection (ISC-Tmem219-/-,

n = 3), compared with the ISC-B6 mice, in which Cre was not activated by tamoxifen injection (n = 3). (E and F). Normalized mRNA expression of Lgr5 and
Casp8 in colons of ISC-Tmem2197/- (n = 4) compared with ISC-B6 mice (n = 3). (G). Bar graphs showing ex vivo-generated 8-day miniguts from crypts of I1SC-
Tmem?2197/- (n = 4) and of ISC-B6 controls (n = 5) cultured with/without IGFBP3 (50 ng/mL). (H). Experimental design of the DSS acute prevention model
conducted in ISC-Tmem219~/~ mice. (I-K). DAI score, colon length, and histological score quantified in ISC-Tmem219-/~ mice and in the ISC-B6 control (n =
8-10) with or without treatment with oral DSS (2.5%) in the prevention acute study model described in H. (L). H&E staining of colons obtained from mice
as described in I. Arrows highlight inflammation, infiltrating leukocytes. Original magnification x10; scale bar: 200 um. (M and N). Flow cytometric analysis
of infiltrating CD45* cells performed in colon samples of ISC-Tmem219~"- mice and of ISC-B6 control mice with or without treatment with oral DSS, (n = 5).
(0 and P). Ex vivo-generated 8-day miniguts from crypts of ISC-Tmem219~- mice and of ISC-B6 control control mice with or without treatment with DSS,
(n = 6-7). Original magnification x10; scale bar: 200 um. Mean + SEM. 1-way ANOVA followed by Sidak’s post hoc test, 2-sided t test.

length, was observed in DSS-treated ISC-Tmem219~~ mice com-
pared with DSS-treated ISC-B6 mice (Figure 6, I-K and Supple-

colitis model in both prevention and treatment approaches. In the
prevention study, we genetically deleted Tmem219 on days —4 and

e

-3, and orally administered 2.5% DSS for 5 days, thus mimicking
the experimental design of the pharmacological blockade of the
IGFBP3/TMEM219 signaling (Figure 6H). An improvement in
the DAI and histological scores, along with well-preserved colon

mental Figure 8, F and G). Crypt morphology was reestablished
and near normalized to that of untreated naive ISC-B6 animals and
was also associated with a reduction in leukocyte infiltration in flow
cytometric analysis (Figure 6, L-N). The increase in minigut growth
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ex vivo in DSS-treated ISC-Tmem219~~ mice compared with that
in DSS-treated ISC-B6 mice also confirmed that the abrogation of
TMEM219 signaling through Tmem219 genetic deletion in ISCs
preserved the regenerative potential and promoted the healing of
the intestinal mucosa (Figure 6, O and P and Supplemental Figure
8, H and I). To further support the relevance of deleting TMEM219
in ISCs in an immune-mediated enteritis model, we administered
a Toll-like receptor—3 agonist, (Poly I:C), which activates immune
response, in the ISC-Tmem219~~ and ISC-B6 mice in a preventive
approach using a short-term protocol. Weight loss was less evident
while leukocyte infiltration was significantly reduced in the ISC-
Tmem?219~~ compared with the ISC-B6 mice, thereby confirming a
beneficial effect of TMEM219 abrogation also in a different enteri-
tis model (Supplemental Figure 8, J-N). We finally tested whether
Tmem?219 genetic deletion in the ISC-Tmem219~~ mice was effec-
tive in a treatment model, in which 2.5% DSS was orally adminis-
tered for 5 days and Tmem?219 genetic deletion was induced after
the onset of colitis (Supplemental Figure 9A). Here, abrogation
of TMEM219 signaling was associated with an amelioration of
the DAI (Supplemental Figure 9, B and C) and of the histologi-
cal scores compared with those measured in ISC-B6 mice receiv-
ing DSS (Supplemental Figure 9, D and E). A relative increase in
colon length paralleling that of ISC-Tmem219~- and WT mice not
receiving DSS was also observed (Supplemental Figure 9, F and
G). Interestingly, colonic leukocyte infiltration was also reduced,
and crypt morphology was nearly restored (Supplemental Figure
9, D, H, and I). This was confirmed by the recovered expression of
the ISC markers EphB2 and Lgr5 in the intestinal mucosa and was
associated with the downregulation of Casp8 (Supplemental Figure
9, J-L). These findings demonstrate that the tissue-specific genetic
deletion of Tmem219 in the intestine preserves regenerative muco-
sal abilities and halts the onset and progression of colitis.

Discussion

This study demonstrates the existence of an abnormal
TMEM219-mediated ISC death in CD, which exacerbates colitis,
limits ISC-dependent mucosal repair, and acts by activating the
Caspase-8 signaling. The inability of the intestinal mucosa to self
renew plays a significant role in the pathogenesis of CD, and it may
be linked to an abnormal activation of TMEM219 deleterious sig-
naling in ISCs. ISC impairment reduces crypt turnover and contrib-
utes to increased mucosal permeability, promotes the recruitment
of damaging immune cells, and boosts the local inflammatory
response (25-27). Therefore, conveying a regenerative signal to the
mucosa through the inhibition of cell death, such as that mediated
by the TMEM219 pathway, may facilitate the healing of the intes-
tinal mucosa. We are demonstrating here that abnormal cell death
is evident in patients with active CD, with low expression of ISC
markers and an upregulation of proapoptotic factors, particularly
Caspase-8. This further leads to failure of crypt organoids to self
renew in active disease, confirming previous observations (28). The
failure of self renewal is counteracted in the disease remission and
indicates a defect in ISC-mediated tissue repair. It may also suggest
that, in CD, ISCs are more fragile and vulnerable to environmental
factors and may become dysfunctional and prone to death. In line
with this, upregulated expression of TMEM219 was evident in the
intestinal samples of patients with active disease and in patients
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who were nonresponders to several therapies, whereas it was nearly
normalized in those patients in the remission phase. The fact that
the failure of the intestinal mucosa to self renew was TMEM219
dependent and Caspase-8 mediated was further confirmed by
our in vitro and in vivo studies. In vitro, we demonstrated that
TMEMZ219 blockade was associated with the rescue of organoid
growth generated from the crypts of patients with active CD. In
vivo, abrogation of TMEM219-mediated cell death in acute and
chronic DSS—induced colitis using a preventive/curative approach
was associated with near normalization of mucosal morphology
and ISC regenerative function. Remarkably, in the T cell transfer
model, which closely mimics features and development of CD,
TMEM219 blockade delayed the disease onset, reduced the colitis
severity, and promoted mucosal repair. Finally, genetic inhibition
of TMEM219 was associated with an improvement in signs and
symptoms of colitis, with reduced infiltration of immune cells.
During the development of colitis, cell damage is associated with
the release of cell debris and the activation of proinflammatory
pathways, which, in turn, promotes the recruitment of immune
cells, sustains inflammation, and dysregulates tissue healing (29—
32). By halting cell death, blockade of the IGFBP3/TMEM219
signaling prevents the generation of these deleterious signals and
indirectly limits the local inflammatory response. The relevance
of the IGFBP3/TMEM219 axis in reducing gut inflammation has
also been confirmed in the IGFBP3~~ mice that were protected
from DSS-mediated colitis (33). Of note, among the 5,152 SNPs
identified for TMEM?219, none was associated with a disease phe-
notype up to date. Interestingly, while most compounds developed
and tested in in vivo colitis models and in patients with IBD main-
ly target pathogenic immune cells, proinflammatory factors, and
microbe-related processes (34, 35), our study demonstrates that
favoring mucosal healing is crucial in ameliorating the disease sta-
tus of patients with CD, and this points to ISCs as a major driv-
er of success. This appears to be highly clinically relevant when
considering that current antiinflammatory and immunosuppressive
treatments in IBD, despite significant advances, are still associated
with long-term adverse effects and a high rate of disease relapse,
with several patients never achieving remission or mucosal heal-
ing (36-39). We acknowledge that some limitations exist in our
study. First, the DSS-induced colitis in vivo model may not fully
account for alterations in the gut microbiota and it may not faith-
fully replicate the bacteria-dependent origin of CD. Second, to the
best of our knowledge, only a few ISC-exclusive markers have been
identified, including those recognizing local progenitor cells (e.g.,
EPHB2 and LGRS5) and broad stem cells (e.g., h-TERT, SOX9,
and ALDH1A1), but with limited experimental applications (40,
41) and, thus, showing some variability depending on the methods
or samples used. Our study also has some major strengths. First,
our human study included 4 patient cohorts with different stages
of the disease. Second, our in vivo findings in DSS-induced colitis
were also confirmed in an immunological-mediated colitis model.
In summary, our study demonstrates that a defect in ISCs exists
in CD, in which TMEM219 signaling is abnormally activated and
a Caspase-8—-mediated TMEM219-dependent cell death is evident,
leading to the disruption of intestinal repair from damage. It also
establishes that the blockade of the TMEM219 detrimental signal-
ing may rescue the ability of the mucosa to self renew and heal.
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This approach appears highly translational based on the following
major observations: (a) the IGFBP3/TMEM?219 biology is highly
preserved across species, including humans, thus reinforcing the
relevance of our preclinical data; (b) in vitro and in vivo blockade
of the axis consistently showed positive results; (c) the IGFBP3/
TMEM219 binding or its inhibition with ecto-TMEM219 did not
show any interference with peripheral IGF-I (Supplemental Figure
10, A—C); (d) the treatment of IBD is still dominated by immune
system modulation and studies focused on epithelial cell regener-
ation are urgently needed; (e) based on a more restrictive view on
TMEM219 expression in human tissues and its upregulation only
in active disease, lack of unwanted side effects should be expected,
thereby making TMEM?219 targeting on ISCs very much feasible.

Methods

A detailed description of the methods is provided in the Supplemen-
tal Methods.

Sex as a biological variant
We included both male and female sexes in the human and mouse stud-
ies. Sex was not considered as a biological variable in the studies.

Human studies
Samples (tissue and blood) were obtained from 112 patients with CD
(39 with active disease, 34 patients who were responding to medical
therapy and in remission phase, 39 patients who did not respond to
therapy, based on the clinical and endoscopic scores of CD Index of
Severity, Simple Endoscopic Score for CD, and Rutgeerts score for
postsurgery disease recurrence), and 39 participants who were healthy
controls and who were without a diagnosis of CD. All participants pro-
vided informed consent (Supplemental Table 1). Intestinal samples of
patients with CD were obtained by surgery (full thickness section) or
endoscopy (pinch biopsy) during routine clinical practice from different
patient cohorts. In patients with active disease, samples were obtained
from the marginal area, sampled at 5-10 cm from the inflammatory
lesion to avoid the presence of inflammation, and from the inflamed
area, which was excised within 5 cm from the lesion. Patients who were
not responding to conventional first-line or second-line therapies (e.g.,
anti-TNF-a, corticosteroids, and immunomodulators) were considered
nonresponders. Patients undergoing colonoscopy/surgery as a routine
procedure for gastrointestinal symptoms of other origins and/or for
colorectal cancer screening/resection who had no history of CD were
included as controls. Intestinal samples were processed as described in
Supplemental Methods and analyzed to assess ISC-based transcriptome
profile, apoptotic signature, TMEM219 expression, cell apoptosis and
death. To this end, flow cytometry analysis, ELISA, immunostaining,
large crypts organoids generation and culturing and mRNA analysis
have been employed. To understand the relevance of the TMEM219-
related cell death mechanism in CD and the downstream signaling
involved, a Caspase-8 interactome (42) and a phosphoproteome pro-
file were delineated (Supplemental Tables 5 and 6). For mechanistic in
vitro studies conducted on organoids and on intestinal cells, recombi-
nant human IGFBP3 (50 ng/mL, 8874-B3, R&D Systems), and ecto-
TMEM219 cloned into the TMEM?219 extracellular domain (130 ng/
mL, Genscript) were used (22).

Intestinal cell lines. The CaCo2 human cell line was purchased from
ATCC (HTB-37) and originally derived from human colon adenocarci-
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noma. Cells were cultured in RPMI 1640 with 10 % FBS, 1 % NEAA,
50 puM thioglycerol, and 1 x Penicillin-Streptomycin (all from ATCC).

Cell death analysis and downstream signaling. To assess apoptosis/
cell death in isolated human crypts and CaCo2 cell line, we employed
a photometric enzyme immunoassay (11544675001, Roche Diagnostics
GmbH), which quantifies in vitro the histone-associated DNA fragments
after inducing cell stress in cell cytoplasmic lysates and cell supernatants.
Apoptosis was analyzed using flow cytometry in human crypts isolat-
ed from intestinal specimens, including marginal and inflamed samples
from patients with CD, and stained with propidium iodide (PI), Annexin
V FITC, CD45, and EPHB2, all from BD Biosciences (see Flow cytom-
etry in the Supplemental Methods). Cleaved Caspase 8 and phosphory-
lated-AKT were assessed using ELISA (MBS766157, MyBiosource and
KHOO0111, Invitrogen) in human crypts, patient-derived organoids, and
CaCo?2 cells cultured with/without IGFBP3 (50 ng/mL, 8874-B3, R&D
Systems), with or without ecto-TMEM219 (130 ng/mL, Genscript) (22).

TMEM?219 expression and flow cytometry studies. TMEM219 protein
expression was analyzed in the lysates of purified human crypts using
ELISA (MBS9341285, MyBioSource ELISA) according to the manu-
facturer’s instructions. Single cells obtained from purified crypts were
stained with propidium iodide (10 pg/mL) to exclude dead cells and
with V450 anti-human CD45 (clone HI30, 560368, BD Biosciences)
or with BD Horizon BV421 anti-Human CD45 (clone HI30, 563880,
BD Biosciences) to exclude infiltrating immune cells. Primary human
anti-TMEM219 (courtesy provided by Yumab GmbH, Braunschweig,
Germany) was used to detect TMEM219 expression in combination
with a secondary PE goat anti-human IgG (12-499-82, Thermo Fisher
Scientific). Flow cytometry analysis was performed using a BD FACS
Celesta flow cytometry system (BD Biosciences) and analyzed using
FlowlJo software (Version 10, Tree Star).

Animal studies

DSS colitis model. In the acute colitis model, 8-week-old B6 mice
received 2.5% of DSS (45 kD; TDB Consultancy AB, Uppsala, Swe-
den, Batch number DB001-42; 42867, Sigma-Aldrich) in drinking water
for 5 days, followed by 1 week of regular water (43). Ecto-TMEM219
was administered (0.1 mg/day, i.p.) from day —3 to day +12 in the pre-
vention protocol and from day +3 to day +12 in the treatment proto-
col. In the chronic colitis model, B6 mice received 3 oral cycles of 2%
DSS (40 kDa; MP Biomedicals), followed by 1 week of regular drink-
ing water. Ecto-TMEM219 was administered 0.1/mg/mouse daily i.p.,
days 18-32, then twice per week. At day 42, the animals were subjected
to endoscopy and euthanized (44).

T cell adoptive transfer model. Colitis was induced on day 0 in
RAG27 mice (Taconic Biosciences) by i.p. injection of 0.5 x 10°
CD44/CD62L* T cells isolated and purified from spleen of C57B1/6
donors through CD4-negative selection kit (130-104-454, Miltenyi) and
enriched in naive T cells (CD44- /CD62L") by using the naive T cell
isolation kit (130-104-453, Miltenyi). Animals received vehicle (PBS)
daily (days 13-28), ecto-TMEM219 (0.1 mg/mouse daily days 14-28,
every 3 days, days 31-42) or with anti-p40 (10 mg/Kg, every 3 days,
days 13-42, positive control). At day 42, colitis severity, histopatholo-
gy, and colon length were analyzed. Disease activity was evaluated as
following: 0, normal; 1, loss of vascularity; 2, loss of vascularity and
friability; 3, friability and erosions; and 4, ulcerations and bleeding.

Tmem219"Lgr5™ model. In order to demonstrate the effect of
Tmem219 genetic ablation on ISCs, ISC-Tmem219~~ mice generated
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by breeding Tmem219%" mice (21) with Lgr5° mice (B6.129P2-Lgr5t-
m1(cre/ERT2)Cle/J, Jackson Laboratories, 008875) (45) were injected
with tamoxifen (20 mg/mL, T5648, Sigma Aldrich 100 pL, i.p., day —4
and -3) to induce Cre-mediated deletion of Tmem219 on LGRS5* cells.
ISC-Tmem219~- mice in which tamoxifen was not injected were used
as controls. For colitis induction, mice received 2.5% DSS in drinking
water for 5 days and were sacrificed at day +12. In the treatment study,
tamoxifen was injected on days +7 and +8.

Statistics

Continuous variables are presented as means with standard errors,
and categorical variables are presented as proportions. Independent
sample 2-sided, 2-tailed ¢ tests (Student’s ¢ test for normally distrib-
uted data or Mann-Whitney U test for data without normal distribu-
tion) were used to compare continuous variables, while Fisher’s test
was used for categorical variables. For multiple comparisons, 1-way
or 2-way ANOVA followed by Tukey/Sidak’s post hoc tests were
used, while Kruskal-Wallis analysis was used for multiple nonpara-
metric data. 2-tailed P values of less than 0.05 were considered sta-
tistically significant. All analyses were conducted by using Graph-
Pad Prism V7/V9.

Study approval

All human studies were conducted after obtaining appropriate Institu-
tional Review Board approval (Stem Cells IBD n. 2017/ST/277, Ethic
Committee Milano Area 1). All studies were conducted in compliance
with the relevant ethical regulations for studies involving human par-
ticipants. All participants provided written informed consent. Animal
studies were approved by the local review board (Nord-Pas-deCalais
CEEA 75, Lille, France; n. 352012 and 19-2009R, APAFIS#7542-20
17030609233680) and by the Italian Ministry of Health (98/2022-PR
and 1144/2020-PR).
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Data availability

The data supporting the findings of this study are available in the Sup-
porting Data Values file. The raw data or noncommercial materials
used in this study are available from the corresponding author upon rea-
sonable request. Any data or materials that can be shared are released
via a Material Transfer Agreement.

Author contributions

FD designed the study, analyzed the data, and wrote the paper. GA
analyzed the data. EA, AM, AP, MBN, VU, M Zocchi, and CL, IP,
and MEL performed the experiments and analyzed the data. AA,
AJS, VM, M Zangarini, SP, FC, CN, and MN M Nardini collect-
ed the preclinical samples and analyzed the data. DC, SLR, and
M Nebuloni performed immunostaining and histological analyses.
GMS and SA coordinated human sample collection. BEE, JY, MV,
GM, FF, SD, GZ, and SA coordinated and designed the research
and edited the paper. PF conceived the idea, designed the study,
and wrote and edited the paper.

Acknowledgments

We thank “Fondazione Romeo and Enrica Invernizzi” for their
extraordinary support and Enthera for supporting some of the in
vivo studies. FD is supported by Italian Ministry of Health grant
RF-2021-12372897 and by the Italian Ministry of University and
Research grant 2022JY9CP. PF, CL, and MBN are supported by
the Italian Ministry of University Research grants 20229ZA2YF,
2022NH9MXB, and 20225HWJMB, respectively.

Address correspondence to: Paolo Fiorina, Nephrology Division,
Boston Children’s Hospital, Harvard Medical School, 300 Long-
wood Ave. Enders Building 5th floor En511, Boston Massachusetts
02115, USA. Email: paolo.fiorina@childrens.harvard.edu.

—_

. Le Berre C, et al. Ulcerative colitis and crohn’s
disease have similar burden and goals for treat-
ment. Clin Gastroenterol Hepatol. 2020;18(1):14-23.

. de Souza HSP, et al. The IBD interactome:
an integrated view of aetiology, pathogene-
sis and therapy. Nat Rev Gastroenterol Hepatol.
2017;14(12):739-749.

)
o

w

healing: treating inflammatory bowel disease
without immunosuppression? Nat Rev Gastroenter-

gut repair in IBD: translational steps towards

complete mucosal healing. Inflamm Bowel Dis.
2020;26(8):1131-1143.

Yang Z, et al. C-type lectin receptor LSECtin- 18. Baxter RC. Insulin-like growth factor binding
mediated apoptotic cell clearance by macrophages

directs intestinal repair in experimental colitis. Proc
Natl Acad Sci U S 4. 2018;115(43):11054-11059.

. Villablanca EJ, et al. Mechanisms of mucosal 10. de Sousa e Melo F, et al. A distinct role for Lgr5* 19. Ingermann AR, et al. Identification of a novel
stem cells in primary and metastatic colon cancer.
Nature. 2017;543(7647):676-680.

protein secures intestinal epithelial cell survival
and immune homeostasis by regulating caspase-8.
Gastroenterology. 2013;145(6):1369-1379.

protein-3 (IGFBP-3): Novel ligands mediate
unexpected functions. J Cell Commun Signal.
2013;7(3):179-189.

cell death receptor mediating IGFBP-3-induced
anti-tumor effects in breast and prostate cancer.

ol Hepatol. 2022;19(8):493-507. 11. D’Addio F, Fiorina P. Type 1 diabetes and dys- J Biol Chem. 2010;285(39):30233-30246.
4. Monteleone G, et al. Mongersen, an oral SMAD7 functional intestinal homeostasis. Trends Endocri- 20. Cai Q, et al. IGFBP-3/IGFBP-3 receptor system
antisense oligonucleotide, and Crohn’s disease. nol Metab. 2016;27(7):493-503. as an anti-tumor and anti-metastatic signaling in

N Engl J Med. 2015;372(12):1104-1113. 12. Bhanja P, et al. BCN057 induces intestinal stem

w

. de Souza HS, Fiocchi C. Immunopathogenesis of

IBD: current state of the art. Nat Rev Gastroenterol
Hepatol. 2016;13(1):13-27. 1
Turner D, et al. STRIDE-II: an update on the

o
W

bowel disease (STRIDE) initiative of the inter-
national organization for the study of IBD
(IOIBD): determining therapeutic goals for

2021;160(5):1570-1583.
Neurath MF, Travis SP. Mucosal healing in

~

cell repair and mitigates radiation-induced intesti- 2

nal injury. Stem Cell Res Ther. 2018;9(1):26.
. Eberl G. ILC3s protect intestinal stem cells from

chemotherapy. J Exp Med. 2015;212(11):1756. 22.D’Addio F, et al. Circulating IGF-I and IGFBP3
selecting therapeutic targets in inflammatory 14. Mileto SJ, et al. Clostridioides difficile infection
damages colonic stem cells via TedB, impairing
epithelial repair and recovery from disease. Proc
Natl Acad Sci U S A. 2020;117(14):8064-8073. 23. Varma Shrivastav S, et al. Insulin-like growth fac-
treat-to-target strategies in IBD. Gastroenterology. 15. Ayyaz A, et al. Single-cell transcriptomes of the
regenerating intestine reveal a revival stem cell.
Nature. 2019;569(7754):121-125.

cancer. Cells. 2020;9(5):1261.

.D’Addio F, et al. The IGFBP3/TMEM219 path-
way regulates beta cell homeostasis. Nat Commun.
2022;13(1):684.

—_

levels control human colonic stem cell function
and are disrupted in diabetic enteropathy. Cell
Stem Cell. 2015;17(4):486-498.

tor binding protein-3 (IGFBP-3): unraveling the
role in mediating IGF-independent effects within
the cell. Front Cell Dev Biol. 2020;8:286.

inflammatory bowel diseases: a systematic review. 16. Guicciardi ME, Gores GJ. Life and death by 24. Mari M. IGFBP-3: so much more than an IGF1/2

Gut. 2012;61(11):1619-1635.
Ho GT, et al. Resolution of inflammation and

e

J Clin Invest. 2025;135(10):e185783 https://doi.org/10.1172/JCI1185783

death receptors. FASEB J. 2009;23(6):1625-1637.
17. Wittkopf N, et al. Cellular FLICE-like inhibitory

binding protein. Cell Mol Gastroenterol Hepatol.
2020;10(3):643-644.

= [



__JCI ¥

RESEARCH ARTICLE

25. Strober W, et al. The fundamental basis of
inflammatory bowel disease. J Clin Invest.
2007;117(3):514-521.

. Podolsky DK. Inflammatory bowel disease.

N Engl J Med. 2002;347(6):417-429.

27. De Salvo C, et al. NOD2 drives early IL-33-depen-
dent expansion of group 2 innate lymphoid cells
during Crohn’s disease-like ileitis. J Clin Invest.
2021;131(5):e140624.

28. Hafner C, et al. Ephrin-B2 is differentially
expressed in the intestinal epithelium in Crohn’s

2

N

disease and contributes to accelerated epithelial
wound healing in vitro. World J Gastroenterol.
2005;11(26):4024-4031.

29. Patankar JV, Becker C. Cell death in the gut
epithelium and implications for chronic
inflammation. Nat Rev Gastroenterol Hepatol.
2020;17(9):543-556.

30. D’Addio F, et al. P2X7R mutation disrupts the
NLRP3-mediated Th program and predicts
poor cardiac allograft outcomes. J Clin Invest.
2018;128(8):3490-3503.

. Zhen Y, Zhang H. NLRP3 inflammasome and
inflammatory bowel disease. Front Immunol.
2019;10:276.

3

—_

9]

~

oo

32. Neurath MF. Targeting immune cell circuits and

trafficking in inflammatory bowel disease. Nat
Immunol. 2019;20(8):970-979.

. Yancu D, et al. A phenotype of IGFBP-3 knock-

out mice revealed by dextran sulfate-induced coli-
tis. J Gastroenterol Hepatol. 2017;32(1):146-153.

. Abraham C, et al. Lessons learned from trials

targeting cytokine pathways in patients with
inflammatory bowel diseases. Gastroenterology.
2017;152(2):374-388.

. Cai Z, et al. Treatment of inflammatory bowel

disease: a comprehensive review. Front Med (Laus-
anne). 2021;8:765474.

. Gisbert JP, Chaparro M. Predictors of primary

response to biologic treatment [Anti-TNF, Vedoli-
zumab, and Ustekinumab] in patients with inflam-
matory bowel disease: from basic science to clini-
cal practice. J Crohns Colitis. 2020;14(5):694-709.

. Colombel JF, et al. Effect of tight control manage-

ment on Crohn’s disease (CALM): a multicentre,
randomised, controlled phase 3 trial. Lancet.
2017;390(10114):2779-2789.

. Froslie KF, et al. Mucosal healing in inflamma-

tory bowel disease: results from a Norwegian
population-based cohort. Gastroenterology.

39.

40.

—_

The Journal of Clinical Investigation

2007;133(2):412-422.

Peyrin-Biroulet L, et al. Clinical disease activity,

C-reactive protein normalisation and mucosal

healing in Crohn’s disease in the SONIC trial.

Gut. 2014;63(1):88-95.

Barker N, et al. Identifying the stem cell of the

intestinal crypt: strategies and pitfalls. Cell Stem

Cell. 2012;11(4):452-460.

. Beumer J, Clevers H. Cell fate specification and
differentiation in the adult mammalian intestine.
Nat Rev Mol Cell Biol. 2021;22(1):39-53.

. Sun §, et al. Bioinformatics analysis of genes relat-
ed to ferroptosis in hepatic ischemia-reperfusion
injury. Front Genet. 2022;13:1072544.

. Dieleman LA, et al. Dextran sulfate sodi-
um-induced colitis occurs in severe combined
immunodeficient mice. Gastroenterology.
1994;107(6):1643-1652.

.D’Alessio S, et al. VEGF-C-dependent stimula-
tion of lymphatic function ameliorates experi-
mental inflammatory bowel disease. J Clin Invest.
2014;124(9):3863-3878.

. Barker N, et al. Identification of stem cells in
small intestine and colon by marker gene Lgr5.
Nature. 2007;449(7165):1003-1007.

J Clin Invest. 2025;135(10):e185783 https://doi.org/10.1172/)C1185783



