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INFLAMMATORY BOWEL DISEASE

Epithelial OPA1 links mitochondrial fusion to
inflammatory bowel disease
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Dysregulation at the intestinal epithelial barrier is a driver of inflammatory bowel disease (IBD). However, the
molecular mechanisms of barrier failure are not well understood. Here, we demonstrate dysregulated mitochon-
drial fusion in intestinal epithelial cells (IECs) of patients with IBD and show that impaired fusion is sufficient to
drive chronic intestinal inflammation. We found reduced expression of mitochondrial fusion-related genes, such
as the dynamin-related guanosine triphosphatase (GTPase) optic atrophy 1 (OPAT), and fragmented mitochon-
drial networks in crypt IECs of patients with IBD. Mice with Opa1 deficiency in the gut epithelium (Opa1™€) spon-
taneously developed chronic intestinal inflammation with mucosal ulcerations and immune cell infiltration.
Intestinal inflammation in OpaI'NEC mice was driven by microbial translocation and associated with epithelial
progenitor cell death and gut barrier dysfunction. Opa7-deficient epithelial cells and human organoids exposed
to a pharmacological OPA1 inhibitor showed disruption of the mitochondrial network with mitochondrial frag-
mentation and changes in mitochondrial size, ultrastructure, and function, resembling changes observed in pa-
tient samples. Pharmacological inhibition of the GTPase dynamin-1-like protein in organoids derived from
1€ mice partially reverted this phenotype. Together, our data demonstrate a role for epithelial OPA1 in
regulating intestinal immune homeostasis and epithelial barrier function. Our data provide a mechanistic expla-
nation for the observed mitochondrial dysfunction in IBD and identify mitochondrial fusion as a potential thera-
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peutic target in this disease.

INTRODUCTION

Inflammatory bowel disease (IBD) describes chronic inflammatory
conditions that affect the gut, with the two primary forms being
Crohn’s disease (CD) and ulcerative colitis (UC). The cause of IBD
is not well understood, and curative therapies are lacking. IBD is
believed to have a multifactorial etiology involving microbiota-
driven immune responses and dysregulation of epithelial homeosta-
sis leading to a compromised gut barrier (1). Intestinal epithelial
cells (IECs) constitute a physical barrier, separating the contents of
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the gut from the underlying tissues. In addition, specialized IECs
secrete mucus, antimicrobial peptides, and cytokines, exerting in-
nate immune functions to further enhance gut tissue defense. Func-
tional studies in mice have provided direct evidence that the
intestinal epithelium is a critical component in preventing IBD and
that dysregulation of epithelial homeostasis can cause loss of gut im-
mune tolerance (1).

Mitochondrial dysfunction has been suggested as a feature of
IBD (2-6). For example, reduced adenosine triphosphate (ATP) has
been reported in the intestines of patients with IBD (6). Moreover,
enterocytes isolated from patients with IBD exhibit mitochondria
with altered structure and irregular cristae (2—4, 7). Several studies
have revealed an involvement of mitochondrial stress in IBD, with
altered mitochondrial health implicated by gene expression studies
in CD and UC cohorts (8, 9). Circulating mitochondrial DNA
(mtDNA), a pro-inflammatory mediator, was released during active
disease in patients with CD and UC (10). In addition, induction of
the mitochondrial unfolded protein response has been demonstrat-
ed in epithelial cells of patients with CD and UC (9, 11). Given these
observations, IBD has been suggested to be associated with mito-
chondriopathy. However, what causes mitochondrial dysregulation
in IBD is not fully known.

Mitochondria form a highly dynamic network within eukary-
otic cells and constantly undergo changes in their morphology
because of the processes of fusion and fission, a remnant of their
endosymbiotic evolutionary origin (12). Whereas fission is a pro-
cess by which mitochondria segregate into two separate organ-
elles, mitochondrial fusion can merge two or more mitochondria
into one (12). Tight control of mitochondrial dynamics is considered
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key to mitochondrial quality control, particularly during cellular
stress (12, 13). Pathophysiological alterations in mitochondrial
fission and fusion have recently been implicated in neurodegen-
erative diseases and cancer (14-16). Moreover, recent findings
suggest an involvement of dysregulated mitochondrial dynamics
in inflammatory processes (17, 18). Mitochondrial fusion has
been reported to promote cell survival given that fusion of a dys-
functional mitochondrion with an intact mitochondrion can
serve as a repair process that preserves the mitochondrial net-
work (19). Mitochondrial fusion is driven by OPA1, a dynamin-
related mitochondrial guanosine triphosphatase (GTPase) together
with Mitofusin-1 (MFN1) and Mitofusin-2 (MFN2) (12, 13). In this
study, we investigated the gut tissues of patients with IBD and
mice lacking Opal in the intestinal epithelium to evaluate the
hypothesis that dysregulated mitochondrial dynamics might drive
intestinal inflammation and contribute to the pathophysiology
of IBD.

RESULTS

Mitochondrial dysfunction in patients with IBD is associated
with mitochondrial fragmentation and diminished
expression of the fusion regulators OPA1, MFN1, and MFN2
To analyze mitochondria in patients with IBD, we analyzed endo-
scopic biopsies with active inflammation using transmission elec-
tron microscopy (TEM). Particularly in the colons of patients with
UC and in the lower crypt region of the small intestines in patients
with CD, we observed IECs with mitochondrial abnormalities as
indicated by less electron-dense mitochondria with disrupted cris-
tae structure as compared with control individuals without intesti-
nal inflammation (Fig. 1A and fig. SIA). Moreover, whereas IECs
in uninflamed samples from control individuals showed a dense
mitochondrial network with elongated and branched mitochon-
dria, IECs in inflamed samples from patients with IBD showed a
fragmented network and fewer elongated and branched mitochon-
dria (Fig. 1A and fig. S1B). Of note, elongated and branched mito-
chondria have been described as indicators of mitochondrial
fusion events (20), suggesting impaired mitochondrial dynamics
in epithelial cells of patients with IBD. Consistent with this obser-
vation, we noted a decreased expression of mitochondrial genes
and proteins in gut samples from patients with CD or UC (Fig. 1B;
fig. S1, C and D; and tables S1 and S2). These data from our own
cohorts were supported by a reanalysis of transcriptomic data from
a publicly available UC dataset (PROTECT cohort), which also
showed a lower expression of mitochondrial genes in patient sam-
ples than in controls (fig. S1E), confirming previous analyses (21).
The expression of several of these genes was negatively correlated
with the degree of histological inflammation, suggesting that dys-
regulation of mitochondria is associated with inflammatory stress
(fig. SIF).

To further investigate the involvement of mitochondrial dy-
namics in the pathophysiology of intestinal inflammation, we
performed a time-course experiment of dextran sodium sulfate
(DSS)-induced colitis in mice and performed RNA sequencing
(RNA-seq) at different time points during the development and
resolution of experimental colitis to compare the expression of key
mitochondrial genes. We observed a significant down-regulation
of Opal (P = 0.0013), Mfnl (P = 0.0005), and Mfn2 (P = 0.002),
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the key regulators of mitochondrial fusion, at the peak of experi-
mental colitis (Fig. 1C). Of note, expression of the mitochondrial
fission molecule FisI (P = 0.003) was significantly increased dur-
ing the resolution phase, suggesting a dynamic regulation of mito-
chondrial fission and fusion during the course of colitis. Opal
(P = 0.011) and Mfnl (P = 0.009) were significantly down-
regulated already at the onset of colitis development, suggesting a
role for these molecules early in the pathophysiology of intestinal
inflammation. The down-regulation of OPA1 during experimental
colitis was further confirmed by Western blotting of colon tissue
lysates of mice with acute DSS-induced colitis (Fig. 1D). Dimin-
ished expression of OPA1 was particularly evident in the intestinal
epithelium as demonstrated by immunohistochemical staining of
tissue sections from the inflamed colons of mice subjected to ei-
ther DSS colitis (Fig. 1E) or four other well-established models of
acute and chronic colitis in mice (fig. S2A). On the basis of these
findings, we speculated that mitochondrial fusion in IECs is im-
paired in intestinal inflammation.

To compare our findings of colitis-dependent suppression of
mitochondrial fusion-related genes in mice (Fig. 1C) with tissues
from patients with IBS, we next analyzed the expression of OPA1,
MFN1, and MFN?2 as critical molecules for mitochondrial fusion
in our cohort of patients with UC. Similarly to our data from ex-
perimental colitis, we found that OPA1 (P = 0.00166) and MFN2
(P = 2.383 x 107°) were significantly down-regulated in patients
compared with controls (Fig. 1F). To substantiate our findings in
an independent cohort and to stratify for OPAI expression in dif-
ferent cell types, we analyzed publicly available single-cell RNA-
seq data from a cohort of patients with UC and control individuals
(22) to examine the expression of OPAI, MFNI, and MFN2 in
different cellular compartments and disease stages. Consistently
with our own dataset, all three genes were decreased in the epithe-
lial compartment of inflamed gut samples when compared with
noninflamed patient samples and when compared with healthy
controls (fig. S2B). In the immune compartment, all three genes
were increased in inflamed gut samples (fig. S2C), suggesting that
the lower epithelial expression of OPAI, MFNI, and MFN?2 is
cell-type specific. Similarly, in our own set of tissues from pa-
tients with IBD, we noted a reduction in OPA1 and MFN2 during
active inflammation, with amounts higher in patients in remis-
sion (fig. S2, D to F). Moreover, the expression of OPAI (P = 8.3 X
107°) and MFN2 (P = 0.00061) showed a significant negative cor-
relation to histological scores of inflammation (Fig. 1F) and to
the expression of IBD-relevant inflammation markers (fig. S3),
again suggesting that inflammatory stress in the gut is associat-
ed with a down-regulation of mitochondrial fusion in these pa-
tients. Down-regulation of OPA1 mRNA expression was also observed
in our cohort of patients with CD (fig. S2, E and F), along with
negative correlations to inflammation markers (fig. S3),
although not to the extent observed in UC. Down-regulation of
epithelial OPA1 protein was also evident in immunohisto-
chemical staining for OPA1 in control versus both CD and UC
colon samples (Fig. 1G). Thus, our findings in patients with IBD
and in mice with experimental colitis suggest that mitochon-
drial dysfunction in IBD might be caused by dysregulated mito-
chondrial dynamics in IECs and that impaired mitochondrial
fusion in IECs might be a driver of gut inflammation and a cause
of mitochondriopathy.
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Fig. 1. Dysregulated mitochondrial dynamics in
patients with IBD. (A) Representative TEM images
of mitochondria in biopsies from the sigmoid
colons of control individuals and patients with UC
(n = 3 or 4 per group). Arrows indicate mitochon-
dria. Scale bars, 500 nm. (B) Expression of the
mitochondrial and pro-inflammatory genes in
bulk transcriptomic data of colonic biopsies from
22 control individuals and 45 patients with UC.
(C) Heatmap showing differential expression of
mitochondrial dynamics-related genes during the
course of DSS-induced colitis and recovery in wild-
type mice relative to untreated control mice. Mice
were euthanized at day 3, 8, 12, or 19. Colors depict
log,fold change (red, up; blue, down), and num-
bers indicate adjusted P values. (D) Representative
immunoblot of OPA1 in colon samples (left) and
quantification (right) from control mice and from
mice treated with 3% DSS for 6 days. -Actin was
used as a control (n = 4). (E) Representative images
(left) and quantification (right) of immunostaining
for OPA1 (red) and E-cadherin (green) in colon
tissues from control mice and mice treated with
DSS (n = 4 to 6). Nuclei were stained with Hoechst
33342 (blue). Scale bars, 128 pm. (F) Expression
of OPA1, MFN1, and MFN2 in colonic samples of
healthy control individuals versus patients with UC
(top) and in correlation with the respective histo-
pathological score of colitis (n = 22 control and
45 patients with UC) (bottom). (G) Representative
images of OPA1-stained (red) control and UC and
CD colon samples (n = 5 to 7 per group). Nuclei
were stained with Hoechst 33342 (blue). Scale
bars, 128 pm. *P < 0.05; **P < 0.01; ***P < 0.001;
Mann-Whitney test [(B), (D), (E), and (F)] or two-
way ANOVA with Tukey’s correction (G). Data are
means =+ SD.

Mice with Opa1 deficiency in IECs spontaneously develop
gut inflammation with histological features similar to
patients with IBD

To investigate the impact of impaired mitochondrial fusion and the
consequence of reduced Opal expression in the intestinal epithelium,
we crossed mice carrying loxP-flanked Opal alleles (Opal™) with
Villin-CreERT2 transgenic mice, resulting in mice (OpaliAIEC) in
which Opal could be deleted specifically in the intestinal epithelium
at any time by injection of tamoxifen. IEC-specific ablation of Opal
expression after tamoxifen injection in Opal IAEC mice was con-
firmed by immunohistochemistry (IHC) (Fig. 2A) and by quantita-
tive polymerase chain reaction (qQPCR) and Western blotting of
either whole colonic tissue (fig. S4A) or gure IEC cultures (fig. S4B).
In contrast with control mice, Opal™"" mice began to lose weight
within 2 weeks of Opal deletion and continued to do so until termi-
nation criteria (according to animal ethics) were reached (Fig. 2B).
High-resolution endoscopy of Opal™E¢ mice revealed signs of
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colitis, including bowel wall thickening, mucosal erosions, increased
granularity, and colonic mucosal bleeding (Fig. 2C). Spontaneous
gut inflammation was further supported by in vivo imaging of in-
flammation (fig. S4C), reduced gut length (fig. S4D), and enlarged
mesenteric lymph nodes (fig. S4E) in Opal™®EC mice. Histological
analysis revealed marked destruction of the gut architecture and
evidence of severe inflammation in the ilea, ceca, and colons of
Opa1™EC mice, with bowel wall thickening, increased cellularity,
and crypt erosion in all Opal™*“ mice analyzed (Fig. 2D). Our
finding of spontaneous intestinal inflammation in mice lacking
Opal in IECs was further supported by massive infiltration of the
lamina propriae of OpaliMEC mice with MPO™ neutrophils, F4/80"
macrophages, and CD4" T cells (Fig. 2E) and by increased expres-
sion of inflammatory mediators, such as $100a9, Nos2, Tnf, 111,
Ifit1, and Cxcl10, in these animals (Fig. 2F). Microbiome changes are
a common feature of IBD when compared with healthy individuals
(23). Of note, 16S-based metabarcoding analysis demonstrated no
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Fig. 2. Intestinal epithelium-specific Opa1 ablation causes severe chronic ileocolitis. (A) OPAT immunostaining (red) of colon sections from control and Opa 1™ mice
(n=5). Nuclei were counterstained with Hoechst 33342 (blue). Scale bars, 128 um. (B) Relative body weight of Opa 1™ and 0Opa 1™ mice after 5 days of tamoxifen administra-
tion, monitored over time and shown as percentage (%) of initial weight (n = 3 to 5 per group; data expressed as means + SD). (C) Representative endoscopic images of the
colon (left) and MEICS endoscopic score (right) of Opa 1™ and Opa 1™ mice 24 days after tamoxifen administration (n = 5; data expressed as means + SD). (D) Representative
histological images of H&E staining (left) and histological scores (right) representing epithelial damage (0 to 3 score range) and immune cell infiltration (0 to 3 score range)
from control and Opal’MC mice (n =3 to 5 per group, means + SD). Scale bars, 100 um. (E) Representative colon sections from control and OpaI’A’EC mice immunostained for
MPO, F4/80, and CD4 (left; each shown in red, n = 5). Nuclei were counterstained with Hoechst 33342 (blue). Scale bars, 128 pm. Quantification of the staining was performed
using Fiji/imageJ (right). (F) mRNA expression relative to Hprt in colonic tissues from control and Opa 1™ mice (n = 5, means + SD). *P < 0.05; **P < 0.01; ***P < 0.001; Mann-
Whitney test [(C), (E), and (F)], unpaired Student's t test with Welch’s correction (D), or two-way ANOVA with Tukey's correction (B) for comparison of the body weight.
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significant changes between the stool microbiomes of Opa]ﬂ/ﬂ and
Opal™EC mice before tamoxifen-mediated Opal deletion. In con-
trast, (tamoxifen-induced) Opal-deficient mice, when compared
with control mice treated with tamoxifen, displayed marked micro-
bial shifts as evidenced by alpha and beta diversity analysis and the
analysis of differentially abundant taxa (fig. S5, A to D). Several of
the differentially abundant amplicon sequence variants (ASVs) rep-
resented bacterial species with the potential to produce butyrate, a
metabolite known to enhance intestinal barrier function (24).
Among the five identified ASVs representing butyrate-producing
bacteria, two were enriched and three were reduced in Opal’2E¢
mice (fig. S5E). Moreover, several of the taxa identified to be more
abundant in Opal™%¢ mice belong to Proteobacteria, a phylum
comprising several species associated to IBD in humans.

Epithelial OPA1 is a driver of gut barrier function and
restricts microbiota-dependent gut inflammation

Further histological analysis of inflamed gut segments of Opa1™*’t“
mice revealed intestinal crypts with extensive loss of epithelial cells,
cryptitis, and crypt abscesses (Fig. 3A). Such extensive disruption of
the crypt epithelial cell layer could compromise the integrity of the
intestinal barrier and might allow microbial translocation from the
gut lumen into the lamina propria (1). Fluorescence in situ hybrid-
ization (FISH) on intestinal samples from Opal™*“ mice, using a
ribosomal RNA probe capable of labeling all eubacteria (EUB338),
revealed the presence of bacteria within the epithelial cell layer and
in the lamina propriae of Opal™“ mice, whereas bacteria were
only detected in the gut lumen in control mice (Fig. 3B). Further-
more, oral administration of 4-kDa fluorescein isothiocyanate
(FITC)-dextran and subsequent measurement of serum fluores-
cence revealed increased intestinal permeability in Opal™"¢ mice
as compared with Opalﬂ/ﬂ controls (Fig. 3C). This appeared to be an
epithelial intrinsic effect, given that increased permeability was also
observed in an IEC organoid model system (Fig. 3D).

Our data indicate that epithelial Opal deficiency leads to exces-
sive microbial translocation from the gut lumen, thereby driving
mucosal immune cell activation and inflammation. To directly test
whether the spontaneous intestinal inflammation in Opa1““ mice
depended on the presence of intestinal microbiota, we depleted the
microbiota in Opal™*¢ and Opal™" control mice using a well-
established combination of four antibiotics. In the absence of antibi-
otic treatment, Opal™*“ mice lost weight (Fig. 3E) and developed
signs of severe colitis as demonstrated by endoscopic and histologic
analysis (Fig. 3F); antibiotic treatment largely prevented gut inflam-
mation. This was further confirmed when comparing the colon
length (Fig. 3G) and the expression of pro-inflammatory markers
(Fig. 3H) in gut tissues. Antibiotic treatment did not affect any of
these parameters and had no overt unwanted effects in control mice
(Fig. 3, E to H) or in epithelial organoid cultures (fig. S6, A and B).
Overall, microbiota depletion rescued Opal’MEC mice from sponta-
neously developing chronic intestinal inflammation, providing
functional evidence for a microbiota-dependent pathology.

OPA1 is required for epithelial cell differentiation and
intestinal stem cell homeostasis

Our finding of epithelial barrier disruption after Opal ablation sug-
gested an alteration in the cellular homeostasis of IECs. In support
of this, terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate nick end labeling (TUNEL) and cleaved caspase-3
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staining revealed increased cell death in the colons of Opal™*¢

mice compared with controls (Fig. 4A). Furthermore, the develop-
ment of epithelial organoids from Opal-deficient gut tissues was
impaired when compared with organoids generated from gut tissues
of control mice (Fig. 4B). Likewise, cell death and caspase-3 activa-
tion were increased in Opal-deficient organoids when compared
with control organoids (Fig. 4, B and C). A careful analysis of our
histological images and our cell death analyses revealed that, along
the crypt-villous axis, the lower crypt—where stem cells, Paneth
cells, and cycling cells reside—was affected most. In support of this
observation, Opal™"*“ mice showed diminished expression of the
stem cell markers Lgr5 (Gpr49) and OLFM4 as well as significantly
reduced proliferation in the lower crypt compartment, evidenced by
5-bromo-2’-deoxyuridine (BrdU) staining (P = 0.0047) (Fig. 4, D
and E). Similarly, in epithelial organoids derived from Opal™*¢
mice, Gpr49 and Olfin4 along with the proliferation marker Birc5
were reduced when compared with controls (Fig. 4F). Diminished
expression of stem cell and proliferation markers was further dem-
onstrated in epithelial organoids derived from Opa1™"“ mice using
immunohistochemical detection of KI67, 5-ethynyl-2'-deoxyuridine
(EdU), and OLFM4 (fig. S7, A to C). The expression of markers of
differentiated IECs, such as Muc2 and ULEX for goblet cells and
Lyzl and Ang4 for Paneth cells, were increased in Opal-deficient
organoids (Fig. 4F and fig. S7D). To systematically study epithelial
changes induced by Opal deficiency, we next performed a bulk
transcriptomic analysis of epithelial organoids generated from gut
samples of Opal™“£° and control mice. In support of our gPCR and immu-
nostaining results, we found an increase in genes attributed to secre-
tory epithelial cell types, including Paneth cells, goblet cells, and
enteroendocrine cells (Fig. 4G). In contrast, markers of transit-
amplifying cells and stem cells were decreased in Opal™ when
compared with control mice. Together, our data indicate a relative
excess of differentiated epithelial cells at the expense of stem and
progenitor cells.

Opa1-deficient epithelium lacks mitochondrial fusion and
exhibits fragmented mitochondrial networks

To gain further insight into potential intrinsic changes at the gut
barrier and in IECs induced by Opal deficiency, we next per-
formed a bulk transcriptomic analysis of whole colon samples from
Opa1™%€ and control mice and performed a comparative gene on-
tology analysis of transcriptomic changes in whole colonic tissues
and in pure epithelial cells, which was represented by our organ-
oid RNA-seq dataset. Consistent with the spontaneous colitis in
Opa1™E€ mice, we observed transcriptomic changes in colonic tis-
sues, with enrichment of genes related to inflammation and de-
creased expression of genes related to mitochondrial functions
(Fig. 5A and fig. S8A) when compared with controls. In epithelial
organoids, Opal deficiency was associated with increased expres-
sion of antimicrobial genes and decreased expression of genes re-
lated to mitochondrial functions (Fig. 5A and fig. S8A). Opal
deficiency was associated with a specific down-regulation of mito-
chondrially expressed genes (Fig. 5B and fig. S8B) and that of genes
related to metabolism and mitochondrial biogenesis (fig. S9, A and
B). Because Opal deficiency has been reported to affect mtDNA
copy number and mtDNA deletions (25), we next analyzed the
mtDNA content in IECs of Opal-proficient and Opal-deficient or-
ganoids. Colonic tissue lysates from Opal™*C mice showed an
~50% reduction in mtDNA content relative to nuclear DNA (Fig. 5C
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Fig. 3. Chronic colitis in Opa1iA'EC mice is microbiota dependent and associated with barrier dysfunction and microbial translocation. (A) Representative H&E staining of the ileum
and colon from control and Opal’A’EC mice (n = 7). Scale bars, 30 pm. Arrows indicate epithelial loss. (B) FISH to detect bacteria using the EUB338 probe (red) and colonic samples from
control and Opa7’M': mice. Nuclei were counterstained with Hoechst 33342 (blue). White dashed lines indicate the epithelial lining. Arrows indicate translocated bacteria (n =5 to 7 per
group). Scale bars, 25 pm. (C) Serum FITC-dextran amounts 4 hours after oral administration in control and Opal’NEC mice (n = 8to 10 per group, means + SD). (D) Representative images of
small intestinal organoids cultured in the presence of Lucifer yellow (green) as indicated (n = 3 independent experiments, means + SD). Scale bars, 126 pm. White dashed circles indicate the
lumen of the organoids. (E) Relative body weight (% of initial weight) of tamoxifen-induced Opaiﬂ/ﬂ and OpaI’NEC mice with and without antibiotic (AB) treatment (n = 3 to 8 per group,
means + SD). (F) Representative endoscopic and histologic images (left) and scores (right) of mice with and without AB treatment (n = 3 to 8 per group, means + SD). Scale bars, 100 pm.
(G) Colon lengths are shown (n = 3 to 8 per group, means + SD). (H) mRNA expression (relative to Hprt) in colonic samples from Opa 1" and Opal’MC mice with or without AB treatment (n =3

to 8 per group, means + SD). *P < 0.05; **P < 0.01; ***P < 0.001; Mann-Whitney test [(C) and (D)] or two-way ANOVA with Tukey’s correction [(E), (F), (G), and (H)] for multiple comparisons.
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Fig. 4. OPA1 is required for epithelial cell differentiation and intestinal stem cell homeostasis. (A) Representative immunofluorescence images (left) and quantification (right) of
cleaved caspase-3 (Cl-casp3; red) and TUNEL (green) detection in control and Opa 1"MEC colon sections (n = 10). Nuclei were stained with Hoechst 33342 (blue). Scale bars, 128 pm. Arrows
indicate double-positive cells. (B) Representative images of small intestinal organoids from Opalﬂ/ﬂ and Opa "€ mice treated with 4-OHT in vitro (scale bars, 250 pm) and stained with
Pl (red) (left). Pl intensity and the surface area were quantified (right) (n = 6 per group, means + SD) with Fiji/imagel. Scale bars, 80 pm. A.U., arbitrary units. (C) Protein expression (left)
and quantification (right) in 4-OHT-treated (3 days) small intestinal (SI) and colon organoids (n = 3 independent experiments). f-Actin was used as a loading control. (D) Relative Gpr49
mRNA expression in the colons of control and Opa 1"EC mice (n = 5, means + SD). (E) Representative images (left) and quantification (right) of Lgr5, OLFM4, and BrdU (each red) on small
intestinal (OLFM4) and colon (Lgr5 and BrdU) sections. Immunohistochemistry was used to detect OLFM4 and BrdU. Lgr5 mRNA was detected by RNAscope. Sections were counter-
stained with Hoechst 33342 (blue) (n = 5 to 8 per group). (F) gPCR analysis using mRNA from control and Opal’A’EC small intestinal organoids (n = 3 independent experiments,
means =+ SD). (G) Heatmap showing the expression of IEC marker genes in small intestinal organoids from Opaﬂ/ﬂ and OpaI’NEC mice (n = 3). Colors (red, up; blue, down) depict relative
expression. *P < 0.05; **P < 0.01; ***P < 0.001; Mann-Whitney test [(A), (B), (D), and (E)], unpaired Student's t test with Welch’s correction (F), or two-way ANOVA with Sidak correction (C).
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Fig. 5. IECs deficient in Opa1 lack mitochondrial fusion and have fragmented mitochondrial networks. (A) Venn diagram representation of Opa7-dependent transcriptomic changes. RNA sequencing
results are shown for control and Opa 1™ colonic tissues and intestinal organoids (n = 3 or 4 per group). The three most significant biological processes are shown. (B) Dot plot showing the fold change
(blue, down) in mitochondrial genes in colonic tissues and intestinal organoids of Opa?™ mice compared with Opalﬂ/ ? controls (n =3 or 4 per group, means =+ SD). (C) qPCR quantification of mtDNA copy
number relative to nuclear DNA (Tert locus) in colon tissues from control and Opa1™€ mice (n = 3 to 5 per group with three independent experiments, means + SD). (D) Representative TEM images (left) and
quantification (right) of mitochondrial area, roundness and circularity of colon tissues from control and Opa1™ mice (n = 3 or 4 mice and 9 to 11 fields of view of each mouse, means + SD). Scale bars, 1 pm
(black) and 500 nm (yellow). (E) Confocal imaging of MitoTracker-stained OpaT-proficient and Opa1-deficient 2D-grown organoids (left), as well as quantification of mitochondrial fragmentation (right) (n =4
independent experiments and 3 to 5 fields of view of each well, means + SD). Scale bars, 5 pm. (F) Representative super-resolution spinning disk microscopy images of COX4 (red) in control and Opa T™EC colon
sections (n = 3 mice per group). Scale bars, 5 pm (white) and 1 pm (yellow). (G) Visualization (left) and quantification (right) of mitochondrial length was performed using a custom Fiji macro as described in
Materials and Methods. Scale bars, 5 pm. (H) Mitochondrial morphology in 2D-grown human colon organoids treated with dimethyl sulfoxide (control) or the OPA1 inhibitor MYLS22 (50 pM) for 72 hours and
stained with MitoTracker Deep Red (purple) (n = 3 independent experiments and 8 or 9 fields of view of each well, means + SD). Scale bars, 5 pm. (I) mRNA expression of GPR49 and K167 in control and MYLS22-
treated human colon organoids (n = 3 independent experiments, means + SD). *P < 0.05; **P < 0.01; ***P < 0.001; Mann-Whitney test [(D), (E), and (H)] or unpaired Student’s t test with Welch's correction [(C), (G), and (I)].
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and table S3), providing further evidence for a disruption of mito-
chondrial homeostasis. TEM revealed alterations in the Opal-
deficient intestinal epithelium, showing small circular mitochondria
and decreased cristae density, whereas in control animals, the mito-
chondria were smooth, more electron-dense with extensive cristae
networks, and had a less circular appearance (Fig. 5D). The ob-
served changes in mitochondrial shape and structure in Opa1"’£¢
epithelial cells were similar to those observed in epithelial cells of
samples from patients with IBD (Fig. 1A and fig. S1, A and B).
Moreover, in IECs of control mice, but much less in Opal™¢ mice,
we frequently observed elongated mitochondria, branched mito-
chondria, and neighboring mitochondria with electron-dense
contact sites (Fig. 5D and fig. S9C), indicating different stages
of mitochondrial fusion, according to the criteria described by
Bereiter-Hahn and Voth (20). Moreover, 2D primary epithelial or-
ganoids grown from Opal™*“ mice and stained with MitoTracker
Deep Red showed fragmentation of the mitochondrial network
compared with organoids from control mice (Fig. 5E), a finding
further underlining aberrant mitochondrial dynamics in Opal-
deficient IECs. Mitochondrial fragmentation was also observed in
MC38 colonic cells after CRISPR-Cas9-mediated deletion of Opal
(fig. S10A). To elucidate mitochondrial structures at high optical
resolution, we recorded images of gut samples using cytochrome ¢
oxidase subunit 4 (COX4) as a mitochondrial marker (Fig. 5, F
and G, and fig. S10B), followed by a computer-aided analysis of
mitochondrial density and size. Super-resolution spinning disk
microscopy confirmed structural difference with reduced tubeness
and increased fragmentation of mitochondria in gut samples of
Opa1™*¢ mice compared with controls (Fig. 5G and movie S1).
Functional studies using epithelial organoids grown from human
gut biopsies and treated with the OPA1 inhibitor MYLS22 demon-
strated mitochondrial fragmentation (Fig. 5H), diminished mito-
chondrial gene expression (fig. SI0C and table S4), and decreased
expression of epithelial progenitor markers GPR49 (LGR5) and
KI67 (Fig. 51), thus mimicking our findings in Opa1™¢ mi

Mitochondrial fragmentation is associated with impaired mito-
chondrial function and increased cellular and metabolic stress
(26, 27). In line with this, we observed increased reactive oxygen
species (ROS) production in epithelial organoids derived from
Opa1™™€ mice when compared with controls (Fig. 6A). To evaluate
key parameters of mitochondrial function in Opal-deficient IECs,
we performed Seahorse analysis of two-dimensional (2D)-grown
organoids from Opal™ ¢ and control mice. Our analyses indicated
that Opal deficiency caused a significant decline in the oxygen
consumption rate (OCR), indicated by the decreased ATP-linked
respiration (P = 0.0159), basal respiration (P = 0.0079), and maxi-
mal respiration (P = 0.0079), as well as by reduced proton leak
(P =0.0159), demonstrating that Opal deletion causes depletion of
the cellular capability for energy supply in IECs (Fig. 6B). Our data
further show that the fraction of ATP production derived from mi-
tochondria within the total cellular ATP production was significant-
ly decreased (P = 0.0092) in Opal-deficient IECs compared with
controls (Fig. 6C) and was associated with diminished mitochon-
drial membrane potential in both 2D-grown epithelial organoids
from Opal™€ mice (Fig. 6D) and in an Opal-deficient cell line
(fig. S10D).

Mitochondrial fragmentation is dependent on the dynamin-
related protein 1 (DRP1), which is essential for the segregation of
damaged mitochondria and their targeting to mitophagy (13, 16).
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We observed increased expression of DRP1 and the fission mediator
FIS1 along with an increase in the mitophagy marker P62 in the
colonic tissues of Opal™’F mice and in epithelial organoids (Fig. 6,
E and F, and fig. S10E). P62 staining was particularly abundant in
the lower crypt (Fig. 6F). When using the fission inhibitor Mdivi-1,
which targets DRP1, we could partially rescue the diminished or-
ganoid development and the increased IEC death observed in the
absence of Opal (Fig. 6, G and H). Moreover, Mdivi-1 treatment
restored the expression of stem and progenitor cell markers in
Opal-deficient organoids (Fig. 6I). Similar results were obtained
with organoids treated with or without P110, another inhibitor of
DRP1-mediated mitochondrial fission (fig. S11, A and B). Thus, our
experimental data are consistent with a model in which deficient
mitochondrial fusion in IECs leads to DRP1-dependent fragmenta-
tion of the mitochondrial network, increased epithelial cell death
with barrier dysfunction, microbial translocation, and consequen-
tial chronic intestinal inflammation.

DISCUSSION

Our study demonstrates that mitochondrial aberrations, such as
previously reported in samples from patients with IBD, can origi-
nate from impaired Opal-dependent mitochondrial fusion in the
gut epithelium. We further provide evidence that the lack of the mi-
tochondrial fusion molecule OPA1 in the gut epithelium leads to
impaired epithelial barrier function and translocation of bacteria
into the lamina propria. Our study also demonstrated that this is
critical for gut immune homeostasis because deficiency for Opal in
mice leads to the spontaneous development of inflammation in the
ileum and colon, the gut segments most frequently affected in pa-
tients with IBD.

Several lines of evidence support an important role for mito-
chondria in the pathogenesis of IBD. Approximately 5% of IBD sus-
ceptibility genes identified in genome-wide association studies have
a direct role in regulating mitochondrial functions (7). Studies in
pediatric patients with UC showed a marked suppression of mito-
chondrial genes (21). Enterocytes of patients with IBD have been
described as exhibiting rounded mitochondria with irregular cristae
(2-4, 28), indicative of the fragmentation of the cellular mitochon-
drial network in IECs. Our findings confirmed and detailed these
reports, demonstrating fragmentation of the mitochondrial net-
work in both CD and UC. Although mitochondrial dysfunction ap-
pears to be a feature of IBD, the mechanisms of mitochondrial
dysregulation and fragmentation in IBD have largely remained un-
known. Fragmentation of the mitochondrial network can have dif-
ferent causes, one being irregular mitochondrial fusion and fission.
Our electron microscopy studies revealed roundish mitochondria
in epithelial cells of patients with either UC or CD, whereas epithe-
lial cells of uninflamed control individuals showed a dense network
of elongated and branched mitochondria, ultrastructural features
that have been associated with mitochondrial fusion (20). We found
a high degree of similarity between the ultrastructural appearance of
mitochondria in IECs from Opal™* mice and those in IBD sam-
ples. In further support of a role for dysregulated mitochondrial fis-
sion and fusion in the gut epithelia of patients with IBD, we observed
changes in the gene expression pattern of key molecules driving
these processes. Whereas these expression changes were more evi-
dent in UC samples than in CD samples, we observed changes in
mitochondrial shape and mitochondrial gene expression in both
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Fig. 6. Impaired cellular homeostasis in Opa1-
deficient IECs can be rescued by inhibition of
DRP1. (A) Representative images (left) and quanti-
fication (right) of control and Opa1™-derived
2D-grown small intestinal organoids stained with
the oxidative stress detection reagent to visualize
ROS (red) (n = 3 independent experiments with 2
or 3 fields of view each, means + SD). Scale bars,
36 pm. (B) Cellular OCRs and (C) ATP production
rates are shown in control and Opa 1™ small intes-
tinal organoids (each n =5 per group, means + SD).
(D) Representative images of tetramethylrhodamin
methyl esther (TMRM; red)-stained Opa?™ and
Opa1™E€ 2D-grown small intestinal organoids to
indicate mitochondrial membrane potential (n =5,
means + SD). Nuclei were stained with Hoechst
33342 (blue). Scale bars, 50 pm. (E) Western blot
using the colon tissue lysates of control and
Opa1™E mice (left) and quantification (right).
GAPDH (glyceraldehyde-3-phosphate dehydro-
genase) was used as a loading control for normal-
ization (n = 3, means + SD). (F) Representative
images (left) of P62 (red)-stained colon tissue sec-
tions from control and Opa 1€ mice and quantifi-
cation (right). Nuclei were stained with Hoechst
33342 (blue). Scale bars, 128 pm. (G) Representative
Pl staining (red) of intestinal organoids with or
without Mdivi-1 treatment. Scale bars, 250 pm.
(H) Quantification of organoid area, number of
buds per organoid, and PI staining intensity (n =5
independent experiments; means + SD). (I) mRNA
expression relative to Hprt in intestinal organoids of
0pa1™ and Opa 1™ mice with or without Mdivi-1
treatment (n=4; means + SD). *P < 0.05; **P < 0.01;
*###P < 0.001; Mann-Whitney test [(A), (B), (C), (D),
and (F)], unpaired Student’s t test with Welch’s
correction (E), or two-way ANOVA with Tukey's
correction [(H) and (I)] for multiple comparison.

UC and CD, indicating that mitochondrial dynamics might be regu-
lated through various mechanisms.

The expression of OPA1 is tightly controlled through both tran-
scriptional and posttranscriptional mechanisms to ensure proper
mitochondrial dynamics. Transcriptionally, OPA1 expression is
regulated by metabolic cues and oxidative stress (29, 30). Posttran-
scriptionally, OPA1 is subject to alternative splicing, producing sev-
eral isoforms with distinct roles in mitochondprial fusion (31, 32). In
addition, proteolytic processing of OPA1 by mitochondrial prote-
ases, such as OMA1 and YMEIL, modulates its activity and affects
mitochondrial fission and fusion (33-35). This complex regulation
ensures that OPA1 can rapidly respond to cellular demands, main-
taining mitochondrial integrity and function under varying physi-
ological conditions.

In our study, mitochondrial structural changes were observed
particularly in areas of active inflammation, a finding that aligns
well with a recent report by Alula et al., who described mitochon-
drial aberrations in Paneth cells, goblet cells, and enterocytes in the
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inflamed ilea of patients with CD (28). The reduced expression of
OPA1, MFN1, and MFN2 and that of mitochondrial genes correlat-
ed negatively with the degree of inflammation in patients with UC
in our own cohort. Moreover, reduced expression of mitochondrial
fusion genes was observed in publicly available single-cell transcrip-
tomic data from inflamed UC patient samples not only when com-
pared with healthy individuals but also when compared with uninflamed
samples from patients with IBD. Together, this suggests that dys-
regulated mitochondrial dynamics is a feature of inflammation in
IBD that perpetuates this chronic disease rather than being a caus-
ative factor. Our data are consistent with a model in which dysregu-
lated fusion drives a vicious cycle that compromises epithelial
barrier function, promoting further inflammation and dysregula-
tion of mitochondrial dynamics.

Our data suggest that increased mitochondrial fission and frag-
mentation contribute to the impact of Opal deletion in IECs.
First, we observed an increased expression of FIS1 protein and
mitochondrial fragmentation in Opal-deficient organoids. Second,

100f 15

G20z ‘0z Afenuer uo BlequienN usbue|s3 A1sAIUN T 610°80Us10S MMM//:SAdNY WoJ) papeojumod



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

pharmacological inhibition of DRP1/FIS1 rescued the homeostatic
defects in Opal-deficient organoids. Consistent with our conclu-
sions, the administration of P110, a DRP1 GTPase inhibitor, was
recently reported to have protective effects in a short-term model of
chemically induced colitis (36).

Our study underlines that the gut epithelium, which acts as a
barrier between the luminal environment and the underlying tis-
sues, relies heavily on mitochondrial function for its integrity and
proper functioning. The gut epithelium is particularly vulnerable to
oxidative stress, and dysfunctional mitochondria can be a major
source of ROS (8, 37, 38). In line with these studies, we observed
increased ROS production in IECs of Opal™* mice.

mtDNA, unlike nuclear DNA, is particularly susceptible to
stress-induced damage (39, 40), and failure to efficiently repair
mtDNA damage can escalate the production of ROS and trigger mi-
tochondrial dysfunction. The process of mitochondrial fusion has
been reported to play a pivotal role in compensating for defects in
mitochondria containing damaged mtDNA (41-43). Through mito-
chondrial fusion, critical functional and structural components,
such as mtDNA, proteins, and lipids, can be exchanged and shared
between mitochondria to ameliorate the effects of environmental or
inflammatory stress on mitochondrial function (44). Mitochondrial
shape changes, such as those described here, are closely linked to
metabolic stress, where shifts in metabolism can both trigger and be
a consequence of changes in mitochondrial morphology (27). Meta-
bolically stressed epithelia have been described to show compro-
mised barrier integrity (45). In a model of chemically induced acute
colitis, mice deficient for PGCla, a key regulator of mitochondrial
biogenesis and energy metabolism, developed more severe colitis as
compared with controls (46). However, PGCla-deficient mice were
phenotypically normal and did not develop spontaneous inflamma-
tion. Although compensatory mechanisms might limit the pheno-
typic effect in PGCla-deficient mice, one might conclude that
changes in mitochondrial mass alone cannot explain the severe
spontaneous inflammation in Opal IATEC mice.

Our data further demonstrate that the severe spontaneous in-
flammation observed in OpaliMEC mice depended on the presence
of microbiota, ruling out that mitochondrial stress driven by im-
paired mitochondrial fusion in IECs alone would be sufficient to
cause inflammation in this model. Of note, the gut inflammation
developing in Opal™€ mice was largely restricted to the colon and
ileum, the two gut parts most frequently affected in patients with
IBD and those with the highest load of microbes present. Changes
in the gut microbiota have been demonstrated in patients with
IBD. For example, a reduced abundance of butyrate-producing bac-
teria has recently been associated with CD (47). In our studies, dele-
tion of Opal was associated with shifts in microbial composition,
including increased amounts of Proteobacteria and alterations in
the number of butyrate-producing bacteria. Although it is likely that
this shift is a consequence of disrupted epithelial homeostasis and
function, our studies do not exclude that the altered microbiome in
Opa1™™€ mice contributes to the persistent spontaneous inflamma-
tion observed in these animals.

Our studies further demonstrated depletion of epithelial pro-
genitor cells, such as stem cells and transit-amplifying cells, along
with increased cell death and mitophagy specifically in the lower
crypt area, where stem cells and Paneth cells reside. It is likely that
balanced mitochondrial dynamics is particularly important in epi-
thelial stem cells and longer-lived Paneth cells. In line with these
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conclusions, a previous study demonstrated that mice with an
epithelium-specific deletion of prohibitin, a pleiotropic protein
implicated in fundamental cellular processes, including mitochon-
drial function and proliferation, exhibited aberrant Paneth cells
and spontaneous development of ileitis in mice (8). Mitochondrial
stress, reduced stem cell numbers, and abnormal Paneth cells were
also observed in mice with a stem cell-specific deletion of Hsp60
(9), providing additional support for a key role of mitochondrial
health in stem cells and Paneth cells of the lower crypt. Mitochon-
drial health might be particularly crucial in intestinal stem cells and
Paneth cells because of their relatively long life span, which might
allow an accumulation of damaged mitochondria in these cells (48).
Thus, mitochondrial fission and fusion as repair processes might be
particularly important in these cell types. In contrast, enterocytes
and goblet cells have a much shorter life span of 3 to 5 days, which
might naturally prevent the impact of an accumulation of damaged
mitochondria in these cells.

Our study has several limitations: First, OPA1 has so far not been
identified as an IBD risk gene in genome-wide association studies.
Second, other mitochondrial dynamics-related proteins and path-
ways that may contribute to IBD pathogenesis remain unexplored.
Third, whereas OPA1 is a key molecule for mitochondrial fusion, it
has also been reported to regulate the structure of the inner mito-
chondrial membrane and the formation of cristae (32). Last, the
pharmacological intervention targeting DRP1 showed partial ef-
fects. Thus, it cannot be ruled out that additional compensatory
mechanisms may influence mitochondrial dynamics and barrier
function. Further investigation, particularly in human cohorts and
with more refined therapeutic models, is needed to confirm and ex-
tend these findings.

Collectively, our study confirms previous reports of mitochon-
drial dysfunction in IBD and provides evidence that dysregulated
fission and fusion in the gut epithelium might be causative of mito-
chondriopathy in these patients. Our study highlights a role for epi-
thelial OPA1 and mitochondrial fusion in maintaining an efficient
intestinal barrier and in preventing excessive microbial confronta-
tion of the mucosal immune system by bacterial antigens in vivo. A
deeper understanding of these processes might pave the way to bet-
ter therapeutic approaches for individuals with IBD.

MATERIALS AND METHODS

Study design

The objective of this study was to evaluate the impact of mitochon-
drial dynamics in IBD. On the basis of initial findings in patients
with IBD and mice with experimental colitis that showed dysregu-
lated expression of genes associated with mitochondrial fusion, we
hypothesized that changes in mitochondrial dynamics might un-
derlie the mitochondriopathy previously reported in IBD. We eval-
uated this hypothesis analyzing gene expression in our own cohort
of patients with either UC or CD and in publicly available tran-
scriptome data of patients with IBD, electron microscopy of control
and patient samples, and studies using gut organoids grown from
patient samples. We furthermore performed controlled laboratory
experiments in Opal™¢ mice lacking the fusion regulator Opal
specifically in IECs and respective Opalﬂ M controls and in C57BL/6
mice induced to develop experimental intestinal inflammation
by either DSS, oxazolone, or adoptive T cell transfer. In in vivo
experiments, Opal™* mice and Opal™" controls were treated
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with antibiotics to deplete the gut microbiota. Gut samples from
Opal™EC and control mice were analyzed using weight monitor-
ing, endoscopy, histology, IHC, bulk transcriptomics, qPCR, and
Western blotting. Cells and intestinal organoids grown from these
mice were studied in vitro using inhibitors of mitochondrial fission
(Mdivi-1 and P110) in organoid experiments. Last, cell lines lack-
ing OPA1 were generated and compared with controls. The sample
sizes were established on the basis of previously published works
from our laboratory and comparable studies in the field. All in-
stances of replication described in this study refer to biological rep-
licates (individual human samples or mice). Animals were either
littermates in the same cage (Opa1™*© and control mice) or were
randomly allocated to either an experimental or control group.
Data collection was conducted in a blinded manner. Animal studies
were approved by the Ethics Committee of the Friedrich-Alexander-
Universitit Erlangen-Niirnberg and the Ethics Commission of
Lower Franconia. Mouse experiments were terminated for animals
that met any of the following intermediate end points: (i) weight
loss of 20% or more, (ii) bloody diarrhea, and (iii) abdominal
cramping. Mice reaching these end points were immediately eutha-
nized. One outlier was identified in Fig. 1F using a Grubbs’ test in
GraphPad Prism and excluded from the study during the review-
ing process.

Animals

Mice carrying loxP-flanked Opal alleles (Opa]ﬂ/ﬂ) (18) were crossed
with Villin-CreERT2 mice to generate inducible mice lacking Opal
specifically in IECs (Opal™EC), Mice negative for the expression of
Villin-CreERT2 served as controls in all experiments and are desig-
nated Opalﬂ " To induce Opal deletion in the intestinal epithelium,
tamoxifen (Sigma-Aldrich; 75 mg/kg of mouse body weight) was
injected for five consecutive days. In all experiments, Opalﬂ/ﬂ littermates
injected with tamoxifen served as controls. All experiments were
performed with age-matched mice (8 and 12 weeks of age) of both
sexes. Where applicable, mice were randomized into groups. Mice
were maintained under light- and temperature-controlled condi-
tions and monitored by analysis of weight loss, endoscopic score,
diarrhea score, and rectal bleeding. Isoflurane (1.5%) in oxygen was
used during endoscopy.

For antibiotic administration, Opa mice received auto-
claved water containing ampicillin (1 g/liter; Ratiopharm), neomy-
cin (1 g/liter; Caesar & Loretz GmbH), metronidazole (1 g/liter;
Braun), and vancomycin (0.5 g/liter; Eberth Arzneimittel GmbH)
4 days before tamoxifen application until the end of the experiment.
Control mice received autoclaved water without antibiotics. Serial
dilutions of dissolved stool pellets were plated on LB agar plates.
After 24 hours of incubation at 37°C, bacterial colonies were evalu-
ated to confirm microbiota depletion.

Mini-colonoscopy was performed, and colonic inflammation
was analyzed and categorized as previously described using the mu-
rine endoscopic index of colitis severity (MEICS) score (49). In
brief, mice were anesthetized with 1.5% isoflurane, and changes in
colon wall thickening, vascular pattern, the presence of fibrin, mu-
cosal granularity, and stool consistency were assessed using the CO-
LOVIEW System (Karl Storz).

For in vivo imaging (IVIS), mice were anesthetized with 1.5% iso-
flurane, and L-012 (25 mg/kg mouse body weight; Wako Chemicals)
was administered by intraperitoneal injection. After 15 min, lumines-
cence was measured using an in vivo imaging IVIS Spectrum CT

IiAIEC
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system (PerkinElmer). Quantification was performed using the soft-
ware Living Image 4.0.

Induction of experimental colitis in mice

Experimental colitis in mice was induced following previously
described protocols (50, 51). C57BL/6] mice (Janvier) were used as
wild-type mice in the following experimental models. In brief, for
acute DSS-induced colitis, mice were administered 3% DSS (MP
Biomedicals) in their drinking water for 6 to 8 days. Mice were then
either euthanized or subjected to normal water to allow recovery. To
induce chronic colitis, we subjected mice to three cycles of 2% DSS
(MP Biomedicals), each lasting 5 to 7 days, followed by a 2-week recov-
ery phase in which the mice received regular water. To induce the
adoptive transfer colitis model, we isolated CD4* CD25™ T cells from
the spleens of wild-type mice using magnetic cell sorting-based iso-
lation (CD4* T Cell Isolation Kit, mouse, Miltenyi Biotec) with
additional CD25-negative selection (CD25 MicroBead Kit, mouse,
Miltenyi Biotec). The viability and purity of the isolated cells were con-
firmed by flow cytometry, and 1 million cells were then injected intra-
peritoneally into Ragl ™'~ mice on a C57BL/6] background. Mice were
euthanized 3 weeks after T cell transfer. The induction of inflammation
in the oxazolone colitis model requires a preliminary sensitization step,
where a 3% (w/v) solution of 4-ethoxymethylene-2-phenyl-2-oxazolin-
5-one (oxazolone; Sigma-Aldrich) in a 1:4 dilution with an olive oil/
acetone mixture was applied to the shaved skin of the mice. Seven days
after the sensitization procedure, a 150-pl intrarectal enema of
0.5% oxazolone in 50% ethanol was administered. Mice were eutha-
nized 24 hours later. Evaluation of colitis development involved
measuring body weight loss and clinically assessing inflamma-
tion symptoms. Endoscopic analysis was performed to system-
atically evaluate colitis parameters as described before. Tissue
samples from the distal colon were collected upon necropsy for
further analyses.

Human samples

Fresh endoscopic colon biopsies of control individuals and patients
with IBD were obtained from the Universititsklinikum Erlangen for
TEM and isolation of human organoids. Paraffin-embedded samples
from the colons of control individuals and patients with IBD were
obtained from the Gastroenterology Department of the Charité
Universitatsmedizin Berlin (table S1). An overview of patient char-
acteristics of the IBDome cohort (v0.50) used for transcriptomics
is provided in table S2. All human material used in this study was
obtained after informed written consent of the donors and after
approval by the Ethics Committees of the Friedrich-Alexander-
Universitét Erlangen-Niirnberg and the Charité Universitdtsmedizin
Berlin in accordance with all relevant ethical regulations. Written
informed consent was obtained from the patients, and all data
were anonymized.

Isolation and culture of 3D and 2D intestinal organoids

Intestinal crypts were freshly isolated from full-length mouse small
intestine or colon or from human colonic biopsies and cultured for
a total of 6 days in Matrigel (BD Bioscience) in 48-well plates with
350 pl of a medium as previously described (52). Briefly, the mouse
intestine was cut into small pieces and incubated in 2 mM EDTA for
30 min to release the crypts. Crypts were filtered through a 70-pm
strainer and embedded in Matrigel with a culture medium contain-
ing 10% R-spondinl conditioned medium, 5% Noggin conditioned
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medium, B27 (Gibco), N-acetylcysteine (1 mM; Sigma-Aldrich),
primocin (50 pg/ml; InvivoGen), and epidermal growth factor
(50 ng/ml; ImmunoTools). For culturing the human intestinal organ-
oids, WNT-3A (0.25 nM; PeproTech), IGF-1 (100 ng/ml; PeproTech),
$B202190 (10 pM; MedChemExpress), Y-27632 (10 pM; Selleck-
chem), A8301 (500 nM; Hycultec), and nicotinamide (10 mM;
Sigma-Aldrich) were supplemented on top of the mouse organoid
culture medium. In some experiments, organoids were treated with
4-hydroxytamoxifen (4-OHT; 200 nM; Selleckchem) for at least 3 days
to induce Opal deletion (Opal™%). Human colon organoids were
treated with the Opal inhibitor MYLS22 (50 pM; MedChemExpress)
for 24 hours. In some experiments, mouse intestinal organoids were
stimulated for 24 hours with the Drp1 inhibitor Mdivi-1 (10 pM;
Bio-Techne Tocris) or P110 (1 pM; Bio-Techne Tocris). To generate
organoid-derived monolayers (2D-grown organoids), we disrupted
fully grown organoids by pipetting with TrypLE Expresslx (Gibco)
and incubated at 37°C for 5 min. Crypt pellets were resuspended in
human IntestiCult (STEMCELL) and seeded into Matrigel-coated
24-well plates or ibidi 8-well p-slides (ibidi GmbH). Growth of or-
ganoids and intestinal epithelial monolayers was monitored using a
light microscope.

Organoid permeability assay

Small intestinal organoids were freshly isolated as described above
and plated in ibidi 8-well p-slides (ibidi GmbH). After 2 days of
4-OHT (200 nM; Selleckchem) treatment, Lucifer yellow (LY; 1 mM;
Sigma-Aldrich) was added to the medium for live cell imaging with
5% CO; at 37°C using a Leica TCS-SPE live cell observer (Leica).
EGTA (2 mM; Merck) was added to the medium after 70 min to
ensure that the imaged organoids were able to take up the LY from
the medium. Luminal fluorescence intensity was normalized to the
mean total fluorescence intensity using the Fiji/Image] software as
previously described (53).

Pl staining in organoids

Propidium iodide (PL; 5 pg/ml) was added to the organoid medium
for 10 min. Images of organoid staining were captured by fluores-
cence microscopy using the DMI 4000 B microscope (Leica). Quan-
tification of staining was performed using Fiji/Image].

FITC-dextran permeability experiments

Mice were fasted overnight (12 hours) and then administered FITC-
dextran (4 kDa; Sigma-Aldrich) (4 mg/10 g of mouse body weight)
for 4 hours. Mice were anesthetized, and blood was collected by car-
diac puncture and centrifuged at 4000 rpm for 15 min to obtain a
serum. The fluorescence intensity of each serum sample (100 pl) was
measured using Infinite M200 (Tecan) with the excitation at 490 nm
and emission at 520 nm.

Generation of OPA1 knockout cells

MC38 and HT29 cells were cultured in complete Dulbecco’s modi-
fied Eagle’s medium (Gibco) containing 10% fetal bovine serum,
penicillin (100 U/ml), and streptomycin (100 pg/ml) at 37°Cina 5%
CO; incubator. OPA1 knockout (KO) cells were generated by
CRISPR-Cas9 using either Opal or OPA1 CRISPR-Cas9 plasmids
(Santa Cruz Biotechnology), respectively. After transfection, green
fluorescent protein—positive cells were sorted by flow cytometry
(FACSAria II; BD) and cultured as single-cell colonies in 96-well
plates. KO of OPAI was validated by Western blot analysis.
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Statistical analysis

Data were analyzed using GraphPad Prism 10 (GraphPad software).
As described in the corresponding figure legends, two-tailed Stu-
dent’s ¢ test or nonparametric Mann-Whitney test was used to test
for significance between two groups. For grouped data, Kruskal-
Wallis test followed by Dunns multiple comparisons or two-way
analysis of variance (ANOVA) with Tukey’s or Sidak correction was
used. Significance is indicated as *P < 0.05, **P < 0.01, and
*#%P < 0.001. All data are presented as means + SD. The Fiji/Image]
software was used to perform statistics for immunohistochemical
staining, Western blots, mitochondrial length, and the organoid lu-
minal fluorescence intensity.
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