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SUMMARY

Expression of death receptor 3 in intestinal epithelial cells
regulates intestinal permeability and cellular localization of

tight junction proteins during homeostasis. As a result,
Dr34E€ mice are more susceptible to acute colitis and show
severely impaired epithelial barrier regeneration.

BACKGROUND & AIMS: Tumor necrosis factor (TNF) super-
family member tumor necrosis factor-like protein 1A (TL1A)
has been associated with the susceptibility and severity of in-
flammatory bowel diseases. However, the function of the tumor
necrosis factor-like protein 1A and its receptor death receptor
3 (DR3) in the development of intestinal inflammation is
incompletely understood. We investigated the role of DR3
expressed by intestinal epithelial cells (IECs) during intestinal
homeostasis, tissue injury, and regeneration.

METHODS: Clinical phenotype and histologic inflammation were
assessed in C57BL/6 (wild-type), TlZa”" and Dr3”/" mice in
dextran sulfate sodium (DSS)-induced colitis. We generated mice

with an IEC-specific deletion of DR3 (Dr34"¢) and assessed in-
testinal inflammation and epithelial barrier repair. In vivo intes-
tinal permeability was assessed by fluorescein isothiocyanate
dextran uptake. Proliferation of IECs was analyzed by bromo-
deoxyuridine incorporation. Expression of DR3 messenger RNA
was assessed by fluorescent in situ hybridization. Small intestinal
organoids were used to determine ex vivo regenerative potential.

RESULTS: Dr3”" mice developed more severe colonic inflammation
than wild-type mice in DSS-induced colitis with significantly
impaired IEC regeneration. Homeostatic proliferation of IECs was
increased in Dr3”" mice, but blunted during regeneration. Cellular
localization and expression of the tight junction proteins Claudin-1
and zonula occludens-1 were altered, leading to increased homeo-
static intestinal permeability. Dr3*E¢ mice recapitulated the pheno-
type observed in Dr37" mice with increased intestinal permeability
and IEC proliferation under homeostatic conditions and impaired
tissue repair and increased bacterial translocation during DSS-
induced colitis. Impaired regenerative potential and altered zonula
occludens-1 localization also were observed in Dr3*® enteroids.

CONCLUSIONS: Our findings establish a novel function of DR3
in IEC homeostasis and postinjury regeneration independent of
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its established role in innate lymphoid cells and T-helper cells.
(Cell Mol Gastroenterol Hepatol 2023;16:83-105; https://
doi.org/10.1016/j.jcmgh.2023.03.008)

Keywords: Intestinal Permeability; IEC Proliferation; Epithelial
Barrier; Tissue Regeneration.

I ntestinal homeostasis is tightly regulated by complex
interactions between the intestinal mucosal immune
network, intestinal epithelial cells (IECs), and intestinal
microbiota.” Dysfunction in any of these mechanisms can
lead to the development of intestinal inflammation and in-
flammatory bowel diseases (IBD). IBD results from inte-
grated interactions between genetic susceptibility and
severity genes that have an impact on the intestinal micro-
bial environment and dysregulate innate and adaptive im-
mune responses of the host against commensal
microorganisms. IBD-associated single-nucleotide poly-
morphisms are enriched in genes that regulate epithelial
barrier function, innate and adaptive immunity that could
affect immune responses to commensal bacteria.’

Tumor necrosis factor (TNF)-like ligand 1A (TL1A), a TNF
superfamily member originally described as a cytokine pro-
duced by endothelial and antigen-presenting cells, provides co-
stimulatory signals to activated T cells and enhances their
function via its receptor death receptor 3 (DR3).*"> Importantly,
genetic polymorphisms in the genes TNFSF15 encoding TL1A
and TNFRSF25 encoding DR3 have been associated with sus-
ceptibility to and severity of IBD.'° Crohn’s disease (CD) pa-
tients with TNFSF15 risk haplotypes have increased expression
of TL1A in intestinal mucosa and peripheral blood monocytes
and are more prone to develop complications such as stric-
turing CD."""** Mouse models that constitutively overexpress
TL1A develop similar clinical phenotypes as human CD patients
with risk variants. These mice develop spontaneous ileitis, in-
testinal fibrosis, and exacerbated dextran sulfate sodium (DSS)-
induced chronic colitis."**"*° However, mouse models of de-
ficiencies of Tlla or its receptor Dr3, as well as using neutral-
izing TL1A antibodies, have led to conflicting results. Although
neutralizing TL1A antibodies prevent and reverse acute and
chronic intestinal inflammation and reduce the development of
intestinal fibrosis,'*'”'® Tlia or Dr3 deficiency exacerbated
acute DSS-induced colitis."””" The role of TL1A and DR3 in
these models has been attributed mainly to its function on
different Theiper (Tn) subsets, regulatory T cells, and innate
lymphoid cells (ILCs).'”**"*" In addition, it has been shown that
DR3 is expressed on nonimmune cells, including IECs and fi-
broblasts, which could contribute to intestinal inflammation and
fibrosis.”~** However, the exact mechanisms of how TL1A and
DR3 affect intestinal inflammation, especially the role of DR3
expressed by IECs, and its contribution to the development of
intestinal inflammation and tissue repair, still largely is un-
known. This study aimed to investigate the role of TL1A-DR3
signaling on IECs and its contribution to intestinal inflammation.

IECs regulate the intestinal barrier function and protect
against pathogenic and commensal luminal organisms. One of the
mechanisms of [ECs to maintain the physical barrier between
luminal contents and the lamina propria is the expression of tight
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junction proteins, which regulate an impenetrable intact barrier.
Dysregulated tight junction expression or intracellular localiza-
tion elicits increased barrier permeability and susceptibility to
DSS-induced murine colitis.”*~“° IEC proliferation, migration, and
tight junction protein expression can be regulated by proin-
flammatory cytokines during inflammation. For example, TNF-¢,
via its receptor Tumor necrosis factor receptor type I, affects a
multitude of IEC functions including expression of tight junction
proteins and maintenance of barrier function.’”2° However,
whether TL1A-DR3 signaling affects IEC function during ho-
meostasis and inflammation still is unknown.

Here, we show that Dr3 deficiency exacerbates acute and
chronic DSS-induced colitis characterized by impaired intestinal
epithelial regeneration, while TI1a”" mice developed a similar
degree of colitis as wild-type (WT) mice. Under homeostatic
conditions, we observed increased intestinal permeability,
dysregulated expression of tight junction proteins, and uncon-
trolled IEC proliferation in Dr3”7" mice compared with WT mice.
To elucidate the role of DR3 signaling in IECs, we generated
mice with IEC-specific deletion of Dr3 (Dr3*'®). Dr3*"5¢ mice
recapitulate the phenotype of Dr3”" mice under homeostatic
conditions and during DSS-induced colitis. We observed
increased intestinal permeability, altered tight junction protein
expression, and increased IEC proliferation in Dr3™¢ mice
under homeostatic conditions. Strikingly, acute DSS colitis is
exacerbated in Dr3*"¢ mice characterized by impaired intesti-
nal epithelial regeneration, bacterial translocation to mesenteric
lymph nodes (MLNs), and systemic inflammation. Consistent
with these findings, we observed reduced regenerative poten-
tial of Dr3*"¢ ex vivo enteroid cultures and altered cellular
localization of tight junction protein zonula occludens 1 (ZO-1).
Our data establish a critical novel function of DR3 in regulating
IEC homeostasis and uncover a mechanistic role of DR3 in IEC
regeneration during mucosal injury.

Results
DR3 Deficiency Exacerbates DSS-Induced
Chronic Colitis

First, we investigated the role of TL1A-DR3 signaling in
a chronic model of colitis. Administration of 4 cycles of DSS

Abbreviations used in this paper: BrdU, bromodeoxyuridine; BSA, bovine
serum albumin; CD, Crohn’s disease; DPBS, Dulbecco’s phosphate-
buffered saline; DR3, death receptor 3; DSS, dextran sulfate sodium;
FITC, fluorescein isothiocyanate; FoxP3, forkhead box P3; IBD, inflam-
matory bowel disease; IEC, intestinal epithelial cell; IFN-gamma, inter-
feron gamma; IL, interleukin; ILC, innate lymphoid cell; ILC3, innate
lymphoid cell type 3; LP, lamina propria; LPMC, lamina propria mono-
nuclear cell; Mick, myosin light-chain kinase; MLN, mesenteric lymph
node; mMRNA, messenger RNA; PBS, phosphate-buffered saline; RORt,
retinoid orphan receptor gamma t; SFB, segmented filamentous bac-
teria; sm-FISH, single-molecule fluorescent in situ hybridization; Ty,
T helper; TL1A, tumor necrosis factor-like protein 1A; Treg, regulatory T
cell; TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyur-
idine triphosphate nick-end labeling; WT, wild-type; ZO-1, zonula
occludens 1.
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in drinking water leads to the development of chronic
colonic inflammation with characteristic Tyl and Ty17 re-
sponses.'” To investigate the specific roles of TL1A and DR3,
we induced chronic DSS-induced colitis in TL1A-deficient
(TI1a”"), DR3-deficient (Dr377), and WT mice, and deter-
mined the clinical and pathologic characteristics of colitis.
Interestingly, we observed bloody stool and severe diarrhea
during each DSS cycle in Dr3”" mice, while Tl1a”/~ and WT
mice had less severe symptoms (Figure 14). Consistent with
the stool phenotype, histologic scores as assessed by H&E
staining showed that Dr3”/" mice developed more severe
inflammation in the rectum and colon (Figure 1B and C).
Interestingly, the significantly higher histologic score in Dr3”"
mice was driven mainly by a significantly higher regeneration
subscore (score, 0-4, with 4 showing no tissue repair)
compared with WT and Tl1a”" mice, which is indicative of
impaired epithelial regeneration in Dr37" mice (Figure 1€ and
D). DR3 is known to be expressed primarily in CD41 T cells
and TL1A engagement induces the activation of several Ty
subsets, including Tyl, Tyl7, Ty9, and regulatory T cells
(Tregs)."”*°** However, we did not observe a significant
difference in cell numbers or expression of the cytokines
interferon gamma (IFN-gamma), interleukin (IL)174, IL22, or
IL10 between groups (Figure 2). We observed that forkhead
box P3 (FoxP3™) Tregs were reduced significantly in MLNs of
Dr3”" mice but not in the lamina propria (LP), as has been
reported previously in acute DSS-induced colitis (Figure 2¢).*°
Taken together, Dr37" mice develop exacerbated DSS-induced
chronic colitis while intestinal inflammation in T/1a” mice is
comparable with WT mice. However, the more severe colonic
inflammation in Dr3”~ mice was not associated with signifi-
cant differences in CD4" Ty cell responses.

DR3 Regulates the Proliferation of IECs and
Intestinal Permeability

Based on our results showing that the severe colonic
inflammation in DSS-induced chronic colitis in Dr37" mice
correlated with impaired intestinal epithelial regeneration, we
hypothesized that Dr3”7~ mice have impaired IEC function. To
test for impaired epithelial barrier function, we first deter-
mined intestinal permeability for these mice during DSS co-
litis. Dr37" mice showed significantly higher fluorescein
isothiocyanate (FITC) dextran permeability compared with
WT mice (Figure 34). To test whether the intestinal barrier is
impaired in Dr3”" mice under homeostatic conditions, we next
performed intestinal permeability assays in 8-week-old un-
treated mice that did not show any signs of spontaneous in-
testinal inflammation. We observed that Dr3”/" mice have
significantly increased permeability even under homeostatic
uninflamed conditions (Figure 3B). Next, we investigated
whether DR3 is involved in the maintenance of IECs. First, we
assessed the expression of DR3 in IECs. A previous publica-
tion showed expression of DR3 in epithelial cell lines.**
However, antibody-based detection of DR3 has been difficult
in the past because of a lack of specificity of available anti-DR3
antibodies and we were unable to specifically detect DR3 with
commercially available antibodies by immunofluorescence.
Therefore, we performed single-molecule fluorescent in situ
hybridization (sm-FISH) using a custom-made specific probe
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for murine Dr3 messenger RNA (mRNA) and observed
expression of DR3 in ileal and colonic IECs that was not
observed in Dr3”" intestinal tissue (Figure 44 and B).
Furthermore, Dr3 mRNA also was expressed in IECs from
noninflamed areas of surgical specimens collected from CD
patients (Figure 4C). We compared the expression of Dr3
mRNA in inflamed and noninflamed ileal tissue sections from
CD patients and did not observe differences in DR3 expres-
sion in IECs. Major differences in DR3 expression between
inflamed and noninflamed tissue were observed in the LP,
most likely as a result of infiltration of immune -cells
(Figure 4D). Furthermore, we analyzed the expression of Dr3
mRNA in colonic tissue sections from a patient with diver-
ticulitis (Figure 4E). Next, we assessed the baseline phenotype
of IECs in Dr3”~ mice. We observed significantly increased villi
length in the ileum and crypt length in the colon of Dr37" mice
compared with WT mice (Figure 4F and G). Next, we assessed
the proliferation and migration of IECs in Dr3”" mice after
bromodeoxyuridine (BrdU) incorporation under homeostatic
conditions. Under homeostatic conditions, proliferating cells
can be visualized by BrdU incorporation in transit-amplifying
zones 2.5 hours after BrdU injection. At baseline, Dr3”" mice
have significantly higher numbers of proliferating IECs
compared with WT mice in the ileum and colon (Figure 4H
and I). These data indicate that DR3 regulates the prolifera-
tion of IECs. To determine if the increase in homeostatic
proliferation in Dr3”" mice is microbiota-dependent, we
treated Dr3”/" mice with broad-spectrum antibiotics and
assessed BrdU incorporation. We did not observe any signif-
icant differences in the numbers of proliferating IECs in the
ileum or colon of antibiotic-treated Dr37" mice (Figure 4J). To
investigate molecular mechanisms leading to increased
permeability in Dr3”" mice, we next studied the expression of
several tight junction proteins at baseline. Compared with WT
and Tlla” ", Z0-1 expression in Dr3”" mice is less continuous
at the apical side of IECs and we observed more pronounced
expression of ZO-1 and claudin-1 in the cytoplasm and at the
basal-lateral membrane in Dr37" 1ECs (Figure 5A). We did not
observe differences in the localization of claudin-2 or occludin
in Dr3”/" compared with WT IECs (Figure 5A4). We observed
significantly increased mRNA expression of claudin-1, claudin-
4, and myosin light-chain kinase (Mick), and increased protein
expression for claudin-1 in Dr3”7" IECs, but no differences in
the expression of other tight junction proteins (claudin-2, -3,
and -15) (Figure 5B and C). These data indicate that DR3 but
not TL1A deficiency affects the subcellular location of tight
junction proteins and their expression level. Collectively, DR3
deficiency affects IEC homeostasis, altering the rate of prolif-
eration and turnover and distribution of tight junction pro-
teins throughout the small and large intestine, leading to
increased intestinal permeability.

DR3 Deficiency Leads to Impaired IEC
Regeneration and Proliferation During Acute DSS
Colitis

To further investigate the increased IEC proliferation in
Dr3”~ mice, we used the acute DSS model to assess epithelial
cell regeneration. During acute DSS colitis, Dr3”/" mice
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Figure 1. DR3 deficiency exacerbates DSS-induced chronic colitis. WT, T/7a”", and Dr3”~ mice underwent 4 cycles of
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colitis (N = 14-18/genotype). *P < .05 for comparison between WT and Dr3”", #P < .05 for comparison between T/7a”~ and
Dr3™". (B) Histology scores. Data are presented as median with interquartile range. (C) Representative H&E staining of rectum.
Scale bar: 100 um. Black arrowheads indicate impaired regeneration of epithelial layer and ulcerations. (D) Histologic sub-
scores for rectum. Each dot represents an individual mouse. Means + SEM are shown. *P < .05.
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from 3 independent experiments. *P < .05.

developed more severe intestinal inflammation compared
with WT or TIZa”" mice, and had a higher stool score driven
by a higher stool blood subscore (Figure 6A4). Although
microscopically injured tissue was covered by regenerating
epithelial cells in WT mice, regeneration was strikingly
impaired in Dr3”/" mice, which also was reflected by a
significantly increased histology and regeneration score
(Figure 6B). We also observed an increase in the size of
spleens and significantly increased splenic cell numbers in
Dr3”" mice (Figure 6C), suggesting systemic inflammation
caused by epithelial damage in these mice. In contrast, we
did not observe any significant differences in LP total cell
numbers, CD4" T-cell numbers, secretion of IFN-gamma,
IL17A, or IL22 from lamina propria mononuclear cells
(LPMCs), percentages of IL221 CD4™ T cells, or IL22" reti-
noid orphan receptor gamma t (RORyt") innate lymphoid
cell type 3 (ILC3s) in Dr3”" compared with WT mice
(Figure 6D-G). Interestingly, BrdU™ cells were decreased in
Dr3”" compared with WT mice under inflammatory condi-
tions (Figure 7A and B). Although WT mice responded to
acute injury of the epithelial layer by significantly increased
proliferation, in Dr3”/" mice the number of BrdU™ cells was

Cellular and Molecular Gastroenterology and Hepatology Vol. 16, Iss. 1

not increased over homeostatic proliferation, suggesting a
blunted compensatory proliferation in response to injury in
Dr3”" mice (Figure 7C). These data indicate that while under
homeostatic conditions DR3 deficiency leads to an increase
in IEC proliferation, the regeneration of IECs is impaired in
Dr3”" mice after tissue injury. Next, we generated intestinal
enteroids from the ileum of WT, TI1a”/", and Dr3”" mice to
assess the functions of intestinal stem cells in ex vivo
enteroid cultures. DR3 but not TL1A deficiency significantly
reduced the enteroid surface area (Figure 84 and B). In
contrast, the number of crypts was reduced significantly in
Tlla”" and Dr3”" enteroids (Figure 84 and B). Next, we
analyzed ZO-1 expression by immunofluorescence staining
in these enteroids. TI1a”~ and Dr3”" enteroids had signifi-
cantly decreased Z0-1 fluorescence intensity compared with
WT enteroids (Figure 8C). These results suggest compro-
mised intestinal stem cell functions and expression of tight
junction protein in Dr3”" enteroids, while TIZa”~ enteroid
formation and surface area, indicative of proliferative
response, is comparable with WT enteroids. However,
Tlla”/" enteroids have reduced de novo crypt formation,
indicative of IEC differentiation, and ZO-1 expression
compared with WT enteroids. Next, we analyzed mRNA
expression of TL1A and DR3 in enteroids. Both TL1A and
DR3 mRNA are expressed in WT enteroids (Figure 8D). To
investigate direct effects of TL1A on enteroids, we first
treated WT enteroids with TL1A. We observed significantly
reduced enteroid surface area after TL1A treatment
(Figure 8E). Next, we treated WT enteroids with a combi-
nation of TL1A and IL22. Although IL22 increased the
enteroid surface area in a dose-dependent manner, as has
been shown previously, addition of TL1A resulted in a
similar increase in enteroid surface area compared with
IL22 treatment alone (Figure 8E). These data suggest that
IL22 treatment reverses the negative effects TL1A has on
organoid formation. Finally, we treated enteroids derived
from WT and Dr3”/" mice with IL22. We observed a signif-
icant increase in enteroid surface area and crypts per
enteroid in both WT and Dr3”" enteroids treated with IL22,
suggesting that IL22 signaling is independent of DR3
signaling (Figure 8F).

Intestinal Epithelial DR3 Promotes the Integrity of
the Intestinal Barrier and Regulated IEC
Proliferation but Not Cell Death

To address the functional importance of DR3 expressed
on [ECs we generated mice with DR3 deficiency in IECs by
crossing Villin-Cre™ with Dr3"% mice (Dr3*'®%). we
confirmed the cell-type-specific deletion of DR3 in Dr3'E¢
mice (Figure 94). We observed significantly increased in-
testinal permeability in Dr3*'E¢ compared with Dr3"/M mice
under homeostatic conditions (Figure 9B). Furthermore, we
also observed an increased serum IgA concentration in
Dr3*"*¢ mice while serum IgG concentrations were not
significantly different between Dr32EC and Dr3"f mice,
further corroborating an impaired intestinal barrier
(Figure 9C). We did not observe any differences in fecal IgA
concentrations between genotypes (Figure 9C). We
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and G). DR3 signaling activates caspase 8 through the Fas
Associated Via Death Domain pathway, which can induce
apoptosis in certain cell types.*>*® To determine the rate of
homeostatic cell death, we performed terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine triphos-
phate nick-end labeling (TUNEL) staining, which detects
apoptotic and necroptotic cell death. The number of TUNEL-
positive cells was similar in ileal and colonic sections of
Dr3"% and Dr3*™€ mice, indicating that cell death does not
contribute to the compromised intestinal barrier in Dr3*'E¢
mice (Figure 9H). These data indicate that DR3 expressed by
[ECs contributes directly to homeostatic proliferation and
barrier function. Next, we determined if DR3 deficiency in
IECs leads to differences in LP immune cell compositions.
We did not observe any significant differences in LP total
cell numbers; CD4" T-cell numbers; secretion of IFN-
gamma, IL17A, or IL22 from LPMCs; percentages of IFN-
gamma®, IL17A%, 1L22%, IL10" CD4% T cells; or IL22%
RORyt™ ILC3s under homeostatic conditions
(Figure 10A-D). We also did not observe any significant
difference in the relative abundance of segmented filamen-
tous bacteria (SFB), a main inducer of IL22, between ge-
notypes (Figure 10E). Similar to the results we obtained
from Dr3”7" mice, we did not observe any significant dif-
ferences in the number of proliferating IECs in the ileum or
colon of antibiotic-treated Dr3*'5“ mice (Figure 10F).

IEC-Specific Deletion of DR3 Leads to Growth
Defects in lleal Enteroids

The regenerative potential of intestinal stem cells was
assessed by ileal ex vivo enteroid cultures. Enteroids prepared
from Dr3*"™C mice had significantly reduced surface area
compared with Dr3"" enteroids, indicating reduced prolifer-
ative potential (Figure 114 and B). The overall enteroid for-
mation potential also was reduced in Dr3*™C enteroids
(Figure 11C). We observed significantly reduced numbers of
enteroids with 3 or more than 4 buds per enteroid in Dr3*"E¢
compared with Dr3"" enteroids (Figure 11D). Reduced sur-
face area and impaired development of crypts in Dr3AMEC
enteroids suggest an impaired regenerative response. Staining
of these enteroids with ZO-1 confirmed our findings of mis-
localized tight junction proteins in Dr3”" and Dr3*%C ileal
tissues (Figures 54 and 7E). We observed discontinuous
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staining of ZO-1 in Dr3*'E¢

continuous and intact in Dr3

enteroids, while ZO-1 staining was
/% enteroids (Figure 11E).

IEC-Specific Deletion of DR3 Exacerbates DSS-
Induced Colitis and Impairs Proliferation and

Regeneration

We next induced acute DSS-induced colitis in Dr3*'®¢
mice. During acute colitis, we observed a more severe stool
phenotype in Dr3*™=€ mice characterized by bloody diarrhea
similar to the phenotype we observed in Dr3”/" mice
(Figure 124). We also observed more severe intestinal
inflammation and a significantly higher histology score that
was driven mainly by a significantly higher regeneration
subscore, indicative of impaired IEC regeneration
(Figure 12B). Consistent with our observations in Dr3”/°
mice, we observed splenomegaly and an increased number
of splenocytes in Dr3*™¢ mice (Figure 12C), suggesting
systemic inflammation. Next, we assessed the degree of
bacterial translocation from the LP to the draining lymph
nodes by culturing MLN homogenates under anaerobic
conditions. We observed a significant increase in the bac-
terial colonies in MLN homogenates from Dr3*“¢ mice
compared with Dr3"® mice (Figure 12D). Consistent with
our data in Dr3”/" mice, the number of BrdU" cells was
similar in Dr3*"=¢ compared with Dr3"/" under inflamma-
tory conditions (Figure 12E and F). Although Dr3" mice
responded to acute injury by increased proliferation, in
Dr3*"8¢ mice the number of BrdU™ cells was not increased
over homeostatic proliferation, suggesting a blunted
compensatory proliferation in response to injury in Dr3*'E¢
mice (Figure 12G). Next, we determined the LP immune cell
compositions after acute DSS injury in Dr3"" and Dr3'E¢
mice. We did not observe any significant differences in LP
total cell numbers; CD4" T-cell numbers; secretion of IFN-
gamma, IL17A, or IL22 from LPMCs or ileal explants; per-
centages of IFN-gamma™, IL17A", IL10% CD4*" T cells; or
IL22% RORyt™ ILC3s after acute DSS injury (Figure 13). We
did observe a significant increase in LP IL22% CD4" T cells
in Dr3*'=¢ mice (Figure 13D). Collectively, these results
show a key role for DR3 signaling on IECs in regulating
homeostatic IEC proliferation and barrier function and
protecting from bacterial dissemination and promoting tis-
sue repair after intestinal injury.

Figure 4. (See previous page). Dr3”~ mice have increased homeostatic IEC proliferation. (4) lleal villi of WT (left) and Dr3”"
(right) mice were analyzed for Dr3 expression by sm-FISH. Dr3 (yellow), 4’,6-diamidino-2-phenylindole (DAPI) (blue), and E-
cadherin (cyan). Arrows indicate Dr3-expressing cells. Scale bar: 20 um. (B) Colonic crypts of WT mice were analyzed for Dr3
expression by sm-FISH. Dr3 (red), DAPI (blue), and E-cadherin (green). Arrows indicate Dr3-expressing cells. (C-E) Dr3
expression in human ileal and colonic tissue. (C) Healthy human ileal tissue. Dr3 (red), DAPI (blue), and E-cadherin (yellow). (D)
Noninflamed (left) and inflamed (right) ileal tissue from a CD patient. White arrows indicate Dr3 expression in IECs and yellow
arrowheads indicate Dr3 expression in LP cells. Scale bar: 25 mm. (E) Colonic tissue from a patient with diverticulitis. Dr3 (red),
DAPI (blue), and E-cadherin (green). White arrows indicate Dr3 expression in IECs. Scale bar: 25 um. (F) Villi length of small in-
testine and (G) crypt length of large intestines are shown (N = 6-7 mice/genotype). (H and /) WT, TI1a”", and Dr3”" mice were
injected intraperitoneally with BrdU 2.5 hours before being killed. (H) Representative ileal and colonic BrdU staining (red) co-
stained with DAPI (green). Scale bar: 50 um. (/) Quantification of BrdU™ cells in tissue sections. BrdU™ cells were counted in
20 well-oriented crypt-villi axis. Each dot represents the average of BrdU™ cells/crypt—villi axis of an individual mouse. (J) Dr3”
mice were treated with or without broad-spectrum antibiotics for 4 weeks. Quantification of BrdU* cells in tissue sections. BrdU™
cells were counted in 20 well-oriented crypt-villi axis. Each dot represents the average of BrdU" cells/crypt-villi axis of an indi-
vidual mouse. Means + SEM are shown. *P < .05. ABX, antibiotics; Duod, duodenum; E-cad, E-cadherin; Jejun, jejunum.
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WT

Figure 5.DR3 regulates
the expression and sub-
cellular localization of
tight junction proteins
Z0-1 and claudin-1. (A)
Representative ileal im-
ages of immunofluores-
cence of ZO-1 (gray),
claudin-1 (red), claudin-2
(yellow), occludin (green),
and DAPI (blue) staining in
WT (top), Tl1a”~ (middle),
and Dr3”" (bottom) mice.
White arrowheads indicate
discontinued ZO-1 stain-
ing at the apical side of the B &
IEC layer. Yellow arrow- 8 1
heads indicate normal
claudin-1 staining at tight
junctions in WT and TI7a™
mice, but diminished
claudin-1 staining at tight
junctions in Dr3”" mice.
Scale bar: 20 um. (B)
Relative mRNA expression
of claudin-1, -2, -3, -4, and
-15, and Mick in colonic
epithelial cells was
assessed by quantitative
polymerase chain reaction 0-
(N = 5/genotype). (C) Pro- C
tein expression in ileal

epithelial cells was

assessed by Western blot.

Relative expression of

claudin-1 and claudin-2

are shown (left; N = 4/ge-

notype).  Representative

images of Western blots

(right). Means + SEM, *P <

.05, Student t test.
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Discussion

Our data highlight the role of the IBD-associated genes
TNFSF15 (TL1A) and its receptor TNFRSF25 (DR3) as major
regulators of intestinal epithelial barrier function. Previous

Claudin-2

publications that focused on the role of mucosal TL1A-DR3
signaling in innate and adaptive immune responses re-
ported conflicting results, suggesting a complex, dual role of
this pathway under homeostatic and inflammatory
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conditions. Although neutralizing TL1A antibodies pre- induced colitis."”*’ Overexpression of TL1A in transgenic
vented and reversed acute and chronic intestinal inflam- mice causes spontaneous ileitis and fibrosis, thereby
mation,"*"” Tl1a or Dr3 deficiency exacerbated acute DSS- mimicking the phenotype of CD patients with TNFSF15 risk
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Figure 7. DR3 deficiency impairs IEC proliferation in DSS-induced epithelial damage. WT, T/7a”", and Dr3”" mice were
treated with 3% DSS for 5 days and regular drinking water for 2 days. Mice were injected intraperitoneally with BrdU 2.5 or 24
hours before being killed. (A) Representative colonic BrdU staining (red) co-stained with DAPI (green). Scale bar: 50 um. (B)
Quantification of BrdU™ cells in colonic tissue sections. BrdU™ cells were counted in 20 well-oriented crypts. Each dot rep-
resents the average BrdU" cells/crypt axis of an individual mouse. (C) Quantification of BrdU™ cells in ileal (top) and colon
(bottom) tissue sections. BrdU™" cells were counted in 20 well-oriented crypts. Each symbol represents the average of BrdU™"
cells/crypt-villus axis of an individual mouse. Means + SEM are shown. *P < .05.

polymorphisms.'"'*'? The role of TL1A and DR3 in these
models has been attributed mainly to its function on
different Ty subsets, regulatory T cells, and particularly
ILCs.'” 2" In this study, we investigated the contribution of
TL1A-DR3 signaling in epithelial cells to intestinal pathol-
ogies by generating cell type-specific genetic deletion of
DR3 on IECs. Our results help to reconcile some of the
conflicting results observed in these models by showing an

important role for DR3 in intestinal epithelial barrier
maintenance under homeostatic conditions and repair after
injury. Although neutralizing anti-TL1A antibodies tran-
siently lowers pathophysiological TL1A concentrations in
mucosal tissues to physiological concentrations and thereby
has therapeutic effects, a complete lack of either TL1A or
DR3 has detrimental effects in DSS colitis.'”***° It is plau-
sible that a complete lack of TL1A or DR3 in Tl1a”" or Dr3”"

Figure 6. (See previous page). DR3 deficiency impairs tissue regeneration in DSS-induced epithelial damage. WT,
Tl1a”", and Dr3”" mice were treated with 3% DSS for 5 days and regeneration was analyzed 2 or 3 days after DSS treatment.
(A) Combined stool scores (left), consistency score (middle), and blood score (right) at the indicated time points (N = 6/ge-
notype). *P < .05 for comparison between T/7a”~ and Dr3”". (B) Representative H&E staining of WT and Dr3”" rectal tissue
(top), histology score (bottom left), and regeneration score (bottom right) are shown. Black arrows indicate regenerating
epithelial layer, and black arrowheads indicate ulcerations. Each dot represents an individual mouse. Scale bar: 100 um. (C)
Representative macroscopic images of spleens (fop) and splenocyte numbers (bottom) from 2 independent experiments. (N =
4/genotype). (D-G) WT, Tl1a™", and Dr3”~ mice were treated with 3% DSS for 3 days to induce acute colitis. (D) Cells were
isolated from LP and the total number of cells (leff) and CD4" T cells (right) were counted. (E) Enzyme-linked immunosorbent
assay analysis of IFN-gamma, IL17A, and IL22 production from LPMCs after ex vivo restimulation with anti-CD3 and anti-
CD28. (F) Frequency of IL22-positive cells in LPMCs isolated from the large intestine were assessed by intracellular stain-
ing using flow cytometry. (G) Total numbers of IL22-positive RORyt" ILC3s in LPMCs isolated from the large intestine. Each
dot represents an individual mouse. Means + SEM are shown. *P < .05.
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Figure 8. DR3 but not TL1A deficiency results in impaired enteroid formation. (A) Representative phase-contrast images of
ileal enteroids developed from WT, Ti1a”", and Dr3”" mice captured on days 1, 3, and 6. Scale bar: 100 um. (B) Quantification of
enteroid surface area (left), and crypts/enteroid (rpht). (C) Representative images of ZO-1 (red), Hoechst dye (blue), and E-cadherin

(green) immunofluorescence staining in WT, Ti1a™

,and Dr3”" enteroids (eft), and quantification of ZO-1 fluorescence intensity. Scale

bar: 20 um. At least 28 enteroids/genotype were analyzed. (D) mRNA expression of Tnfsf15 and Tnfrsf25 in spleen and enteroids was
assessed by quantitative polymerase chain reaction (N = 3). (E) Quantification of enteroid surface area of WT enteroids treated with
TL1A (100 ng/mL) and IL22 (0.25, 0.5, 1 ng/mL). (F) Quantification of enteroid surface area (left) and crypts/enteroid (right) of WT and
Dr3”" enteroids treated with or without IL22 (1 ng/mL). At least 13 enteroids/condition were analyzed. Three independent experiments
were performed. Means + SEM are shown. *P < .05, *P < .01, and **P < .005. E-cad, E-cadherin.
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mice has an impact on intestinal homeostasis that renders
these mice more susceptible to colitis. Our data support this
hypothesis by showing that deficiency of DR3 on IECs plays

Dr3AIEC
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an essential role in impaired barrier function under ho-
meostatic conditions and impaired IEC repair after tissue

injury.
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Although we observed a reduced frequency of Tregs in
Dr37" mice that was consistent with a previous report using
the acute DSS-induced colitis model*° and with an impor-
tant function of DR3 on Treg expansion and function,”"*
we did not observe any increase in T-cell-derived proin-
flammatory cytokines or significantly increased inflamma-
tory infiltrates into the LP. Although we did not investigate
the immunosuppressive properties of Tregs from Dr3”"
mice, a previous publication failed to detect functional
impairment of Tregs from Dr3”" mice in an adoptive
transfer model.?° Our data suggest that immune responses
might play a secondary role in the exacerbation of DSS-
induced colitis in Dr3”" mice and that impaired IEC regen-
eration leads to the severe stool phenotype we observed.

Recent studies have reported an indirect effect of the
TL1A/DR3 pathway on IEC regeneration by inducing IL22
by ILC3s and T-helper cells.">*” IL22 has been shown to
have a profound effect on mucosal healing by inducing the
production of antimicrobial peptides and the acute phase
protein serum amyloid A***0 Here, we report a direct and
cell-intrinsic effect of DR3 expressed by IECs on maintaining
intestinal barrier integrity under homeostatic conditions
and promoting mucosal healing after injury. Using a highly
specific and sensitive probe for Dr3, we detected Dr3 mRNA
expression on murine IECs by sm-FISH. Moreover, we also
observed Dr3 expression on human IECs in surgical mucosal
sections of CD patients. Mice with a deletion of DR3 on IECs
(Dr3*'®%) showed increased intestinal permeability and
uncontrolled proliferation of IECs under homeostatic con-
ditions that also was observed in Dr3”" mice. Furthermore,
we observed increased expression and altered cellular
location of several tight junction proteins in these mice.
Claudin-1 regulates IEC proliferation and its overexpression
worsens DSS-induced colitis and impairs epithelial regen-
eration.”® Our findings of dysregulated claudin-1 expression
support the idea that Dr3*™=€ mice are more susceptible to
DSS-induced colitis by modulating expression and cellular
localization of tight junction proteins. Low-dose TL1A has
been shown to induce MLCK2 mRNA and MLCK protein
phosphorylation to regulate tight junctions in the human
cancer coli-2 cell line via the phosphoinositide 3-kinases/
serine-threonine kinase 1 signaling pathway.*’ Further
studies are warranted to determine the signaling pathways

Cellular and Molecular Gastroenterology and Hepatology Vol. 16, Iss. 1

downstream of DR3 in IECs leading to alteration in tight
junction protein expression and localization. Although DR3
signaling has been reported to activate caspase 8 and induce
apoptosis in certain cell types, we did not observe any dif-
ferences in IEC cell death in Dr3*'®¢ mice. These data sug-
gest that IEC cell death does not contribute to the
compromised barrier function in Dr3*'E¢ mice under ho-
meostatic conditions.

Epithelial regeneration and wound repair are dependent
on the self-renewal, proliferation, and differentiation of in-
testinal stem cells.”* We observed significant growth de-
fects, impairment of crypt formation, and compromised ZO-
1 staining in Dr3*'=¢ enteroids, highlighting the novel role of
DR3 in the regulation of intestinal stem cell regenerative
potential during homeostasis. We confirmed a direct effect
of TL1A-DR3 signaling on enteroids and observed that
TL1A stimulation leads to significant growth defects of WT
enteroids. Our ex vivo data of impaired organoid formation
of Dr3*'™=¢ enteroids and our observation that TL1A treat-
ment of WT enteroids results in decreased enteroid surface
area and crypts/enteroids are consistent with our in vivo
data of impaired induction of IEC regeneration in Dr3*'E¢
mice after DSS-induced injury and indicate impaired pro-
liferation and differentiation in the absence of DR3 signaling
in IECs. Although TL1A and IL22 have opposing effects on
enteroid growth, our data suggest that IL22 prevents the
inhibitory effects TL1A has on organoid formation and
growth.

Intestinal microbiota contributes significantly to the
inflammation seen in DSS-induced colitis. To exclude an
impact of differences in intestinal microbiota on the sus-
ceptibility and severity of DSS colitis in our mice, we co-
housed all experimental mice before and during DSS coli-
tis. Nevertheless, we observed significant translocation of
intestinal bacteria to MLNs in Dr3*'¢ mice that was not
observed in WT mice and is consistent with the systemic
inflammation that we observed in Dr3*'=¢ mice. To deter-
mine if the increase in homeostatic IEC proliferation in
Dr3”’" or Dr3*®¢ mice was microbiota-dependent, we
treated Dr3”/" or Dr3*"™E mice with broad-spectrum antibi-
otics and assessed BrdU incorporation. We did not observe
any significant differences in the numbers of proliferating
IECs in the ileum or colon of antibiotic-treated Dr37" or

Figure 9. (See previous page). Intestinal epithelial DR3 promotes the integrity of the intestinal barrier and regulates IEC
proliferation. (A) lleal villi on Dr3*€€ mice were stained by sm-FISH. Dr3 (yellow), DAPI (blue), and E-cadherin (cyan). Arrows
point to LP cells expressing Dr3 mRNA. Dashed line indicates the border between the IEC layer and LP. Scale bar: 20 um. (B)
Dr3"™ and Dr3*'¥C mice were gavaged with FITC-dextran. The FITC-dextran serum concentration was measured 1 hour
postgavage. Data are shown as median with interquartile range. Each dot represents an individual mouse. (C) Serum IgA (left),
lgG (middle), and fecal IgA (right) concentrations were measured in untreated Dr3"™ and Dr32'E€ mice. (D) Representative ileal
images of immunofluorescence of claudin-1 (red) and DAPI (blue) staining in Dr3™" (leff) and Dr3*'E€ (right) mice. White ar-
rowheads indicate discontinuous claudin-1 staining at the apical side of the IEC layer. Yellow arrowheads indicate basolateral
claudin-1 staining. Scale bar: 20 um. (E) Protein expression of claudin-1 was assessed by Western blot. Relative expression is
shown (left; N = 11-12/genotype). Representative images of Western blot (right). (F and G) Dr3"" and Dr3*'E° mice were
injected intraperitoneally with BrdU 24 hours before being killed. (F) Representative colonic BrdU staining (red) co-stained with
DAPI (green) are shown. Scale bar: 50 um. (G) Quantification of BrdU™ cells in colonic tissue sections. BrdU™ cells were
counted in 20 well-oriented crypts. Each dot represents the average BrdU" cells/crypts of an individual mouse. (H) Untreated
Dr3"™ and Dr3*'¥ mice were assessed for TUNEL positivity in IECs. TUNEL" cells per ileal crypt-villus axis (left) and TUNEL ™"
cells per colonic crypts (right). Means + SEM are shown. *P < .05 by (E and G) Mann-Whitney U test or (B, C, and H) Student ¢
test. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Rel, relative. **P < .005



2023 DR3 Regulates Gut Epithelial Regeneration 97
A DDr3fI/fI

= 5 u’g 6 Dr3AEC
24 %
X =
%3 @
= [
[ o
© 2 -
g 1 &
o fa)
[l 0 3

0.5
) I 304

E .

5 E 503
c s c
z S § 02
= 4 = 0.1

0.0

(2]

) 2 3 10 2
8 o g 8
% 2 o 6 <
fa) o o =)
(3] = N4 o
% < N 2
z s 2 2 5
— =| e\o -
R * 0 R

»)
m

“

2

< X
N z @ .5
e x = o
x 3 B g 4
» < 2 E 3
3 iy 2 3
| 7 5 o2
+ — — =2
q s 3 T 1
= e & @ .

& E H,O0 ABX H,O ABX

Figure 10. Ty1, TH17 and ILC3 responses were not altered in Dr3*/E€ mice. Homeostatic immune profiles of 6- to 8-week-

old Dr3"" and Dr3*=¢

mice were analyzed. (A) Cells were isolated from LP and the total number of cells (left) and CD4* T cells

(right) was counted. (B) Enzyme-linked immunosorbent assay analysis of IFN-gamma, IL17A, and IL22 production from LPMCs
after ex vivo restimulation with anti-CD3 and anti-CD28. (C) Frequency of IFN-gamma, IL17A, IL22, and IL10-positive cells in
LPMCs isolated from the large intestine were assessed by intracellular staining using flow cytometry. (D) Total numbers of
IL22-positive RORyt" ILC3s in LPMCs isolated from the Iar%e intestine. (E) Quantification of relative abundance of SFB in fecal
samples of co-housed 6- to 10-week-old Dr3"™ and Dr3*™C mice by quantitative polymerase chain reaction (N = 15/geno-
type). (F) Dr3*E€ mice were treated with or without broad-spectrum antibiotics for 4 weeks. Quantification of BrdU* cells in
tissue sections. BrdU" cells were counted in 20 well-oriented crypt-villi axis. Each dot represents the average of BrdU™ cells/

crypt-villi axis of an individual mouse. Means + SEM are shown. ABX, antibiotics; rRNA, ribosomal RNA.

Dr3*'E¢ mice compared with water controls, suggesting that
the differences in homeostatic IEC proliferation in Dr3” or
Dr3*'E¢ mice are microbiome-independent.

Our data show a discrepancy of the response to acute
DSS between Dr3”” and TI1a”" mice that has been reported
previously in these mice.”” Although Dr3”" mice present
with impaired epithelial barrier integrity, altered expression
and localization of tight junction proteins, and increased

homeostatic proliferation, Tlla”" mice are similar to WT
mice. One possible explanation that has been suggested is
the presence of additional DR3 ligands, and some potential
ligands have been identified in in vitro assays and in vivo
models.*>"*° However, their contribution to acute intestinal
inflammation remains elusive. Nevertheless, the similar
phenotypes of complete Dr3”7" mice and Dr3*'E¢ mice in
regard to their IEC function suggests a key role of DR3 on
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[ECs in maintaining homeostatic barrier function and
mucosal healing after injury. Further studies using cell-
type-specific deletions of TL1A are warranted to elucidate
the complex functional network of the TL1A-DR3 pathway,
including potential pleiotropic effects of TL1A on different
cell types. One limitation of our study was the use of the
acute DSS model, which is widely used in the field as an
epithelial injury/repair model, but it does not reflect all
aspects of human IBD or, more specifically, human ulcera-
tive colitis. However, this model is useful in elucidating
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Figure 11. Loss of DR3 in
IECs leads to growth
defects in enteroid cul-
tures. (A) Representative
phase-contrast images of
ileal enteroids developed
from Dr3" and Dr3'€C
mice captured on days 1,
3, and 6. Scale bar: 100
wm. (B-D) Enteroid-
forming capacity of Dr3"™
and  Dr3*E¢  crypts
analyzed on day 6. (B)
Enteroid surface area. (C)
Percentage of enteroid
formation potential. (D) De
novo crypt formation
(budding). (E) Representa-
tive images of ZO-1 (red),
Hoechst dye (blue), and E-
cadherin (green) immuno-
fluorescence staining in
Dr3" (top) and Dr3'EC
(bottom) enteroids. White
arrows indicate contin-
uous and discontinuous
Z0O-1 staining on the
luminal side of Dr3"" and
Dr3*EC enteroids, respec-
tively. Scale bars: 20 um.
Three independent experi-
ments were performed.
Means + SEM are shown.
*P < .05.
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mechanisms of IEC regeneration or failure thereof as seen in
ulcerative colitis. Our data showed that DR3 is expressed in
mouse and human IECs. In addition to the known IBD risk
loci in TL1A (TNFSF15), DR3 (TNFRSF25) has been identi-
fied recently as an IBD risk loci in a meta-analysis, sup-
porting the importance of our findings."’

In conclusion, our findings uncovered a novel molecular
mechanism underlying the intestinal pathology mediated
through DR3 signaling specifically in IECs. These findings
provide new insights into the mechanism of the TL1A-DR3
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Figure 12. Intestinal epithelial DR3 promotes tissue repair after DSS-induced injury. Dr3"" and Dr3*'5€ mice were treated

with 3% DSS for 5 days to induce acute colitis. (A) Combined stool scores (left), consistency score (middle), and blood score
(right) during acute DSS colitis (N = 17-18/genotype). (B) Representative H&E staining of Dr3"" and Dr3*'E¢ mouse rectal
tissue (top). Red arrowheads indicate regenerating crypts, black arrows indicate regenerating epithelial layer, and black ar-
rowheads indicate ulcerations. Histology score (bottom left), and regeneration score (bottom right) in rectum are shown. Each
dot represents an individual mouse. Data are presented as median with interquartile range. Scale bar: 100 um. (C) Repre-
sentative macroscopic images of spleens (top) and splenocyte numbers (bottom) from 2 independent experiments are shown
(N = 9-10/genotype). (D) MLN homogenates were cultured under anerobic conditions on chocolate blood agar plates.
Representative images for colonies (top). Colony forming unit (CFU) was analyzed by X? test (N = 5-6/genotype) (bottom). (E
and F) Dr3"" and Dr3*'®C mice were injected intraperitoneally with BrdU 24 hours before being killed. (E) Representative
colonic BrdU staining (red) co-stained with DAPI (green). Scale bar: 50 um. (F) Quantification of BrdU" cells in colonic tissue
sections. BrdU™ cells were counted in 20 well-oriented crypts. Each symbol represents the average BrdU™ cells/crypt of an
individual mouse. (G) Quantification of BrdU™ cells in colonic tissue sections of water and DSS-treated mice. BrdU™ cells were
counted in 20 well-oriented crypt-villi axis. Each symbol represents the average of BrdU™ cells/crypt-villi axis of an individual
mouse. Means + SEM are shown. *P < .05, **P < .005.
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Figure 13. Tu1, Ty17, and ILC3 responses are not altered in Dr3*’€¢ mice during acute DSS colitis. Dr3"" and Dr34!F¢
mice were treated with 3% DSS for 3 days to induce acute colitis. (A) Cells were isolated from LP and the total number of cells
(left) and CD4™ T cells (right) were counted. (B) lleal tissue explants were cultured for 24 hours and supernatants were analyzed
by enzyme-linked immunosorbent assay (ELISA). Concentrations of secreted cytokines were normalized to the dry weight of
the tissue sections. (C) ELISA analysis of IFN-gamma, IL17A, and IL22 production from LPMCs after ex vivo restimulation with
anti-CD3 and anti-CD28. (D) Frequency of IFN-gamma, IL17A, IL22, and IL10-positive cells in LPMCs isolated from the large
intestine were assessed by intracellular staining using flow cytometry. (E) Total number of IL22-positive RORyt™ ILC3s in
LPMCs isolated from the large intestine. Each dot represents an individual mouse. Means + SEM are shown. *P < .05.
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pathway in the pathogenesis of IBD and suggest that ther-
apeutic approaches targeting TL1A rather than DR3 could
provide anti-inflammatory therapy while preserving the
repair mechanisms downstream of DR3 in IECs.

Methods

Antibodies and Reagents

The following primary antibodies were used: anti-E-cad-
herin (1:100, cat. Asp155-1le707; R&D Systems, Minneapolis,
MN), anti-BrdU (1:100, cat. BU1/75 [ICR1]; NOVUS Bi-
ologicals, Centennial, CO), anti-Z0-1 (1:100, cat. 61-7300;
Thermo Fisher Scientificc, Waltham, MA), anti-claudin-1
(1:200, cat. ab15098; Abcam, Waltham, MA), anti-claudin-2
(1:200, cat. ab53032; Abcam), and anti-occludin-1 (1:50, cat.
40-4700; Thermo Fisher Scientific). The following secondary
antibodies were used: anti-goat (1:500, A11058; Life Tech-
nology, Carlsbad, CA), anti-rat (1:500, cat. ab150160; Abcam),
and anti-rabbit (1:500, cat. A-11037; Thermo Fisher Scienti-
fic). 4’,6-diamidino-2-phenylindole (cat. 0100-20; Southern
Biotech, Birmingham, AL) was used for counterstaining for
immunofluorescence and FISH. Fluorophore-conjugated anti-
bodies against CD4 (GK1.5, RM4-5), CD45 (30-F11), CD90.2
(53-2.1), CD127 (A7R34), IFN-gamma (XMG12), IL17A
(TC11-18H10.1), and corresponding isotype controls were
from BioLegend (San Diego, CA), and antibodies against FoxP3
(FJK-16s), IL22 (1H8PWSR), RORyt (B2D), Natural Killer Cell
P46-Related Protein (29A1.4), hematopoietic lineage cocktail
(88-7772-72), IL10 (JES5-16E3), and corresponding isotype
controls were from Thermo Fisher Scientific.

Mice

Tl1a-deficient (TI1a”"), Dr3-deficient (Dr3”), and mice
with a floxed Dr3 allele (Dr3"/™) on a C57BL/6] background
were generated as previously described.'® Villin-Cre mice
were purchased from Jackson Laboratory and crossed with
Dr3"/% to generate Dr3*™¢ mice. All mice were maintained
under specific pathogen-free conditions and handled ac-
cording to the guidelines and approved protocols of the
Cedars-Sinai Medical Center Animal Care and Use Commit-
tee (protocol 7430, 8793). Littermates were co-housed
throughout the length of the experiments. Female age-
matched mice were used for the DSS-induced colitis
model, intestinal permeability assay, and assessment of the
expression of tight junction genes/proteins.

Acute and Chronic DSS-Induced Colitis Model
Female 8- to 12-week-old mice were used for DSS-
induced colitis. DSS (40,000-50,000 molecular weight)
(cat. 160110; MP Biomedicals, Irvine, CA) was added to the
drinking water at a concentration of 2.5% and given ad
libitum on days 1-5, 8-12, 15-19, and 22-26 for the in-
duction of chronic colitis, and 3% on days 1-5 for the in-
duction of acute colitis. Body weights and disease activity
index were monitored 3 times a week. The disease activity
index was scored and calculated as described using freshly
collected stool to determine the stool scores.'® In brief, the
combined stool scores were calculated by adding the stool
consistency score (0, firm dry stool; 1, moist stool; 2, soft
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adherent stool; 3, large soft pliable stool; and 4, liquid stool)
and the stool blood score (0, no color; 1, flecks of blue; 2, up
to 50% blue; 3, >50% blue; and 4, gross red blood). The
amount of blood in the stool was quantified using Hemoc-
cult Sensa tests (cat. 64151; Beckman Coulter, Brea, CA).
Mice were killed on day 29 for the chronic model and on day
8 for the acute model.

Depletion of Gut Microbiota by Antibiotic
Treatment

Mice received antibiotic treatment from the time of
weaning until 8 weeks of age. A combination of 4 antibiotics
(1 g/L ampicillin, 500 mg/L vancomycin, 1 g/L neomycin
sulfate, and 1 g/L metronidazole) was added to the drinking
water and changed once per week.

Histology Scoring

Intestinal tissues were fixed in 10% neutral buffered
formalin, embedded in paraffin, and stained with H&E for
histologic analysis. Histopathologic scores were assigned in a
blinded manner by 2 trained animal pathologists as previously
described and the average of both scores was reported.*® In
brief, the chronic DSS model was scored as follows: inflam-
mation: 0, none; 1, mild; 2, moderate; and 3, severe; extent: 0,
none; 1, mucosa; 2, mucosa and submucosa; and 3, trans-
mural; regeneration: 0, complete regeneration; 1, almost
complete regeneration; 2, regeneration with crypt depletion; 3,
surface epithelium not intact; and 4, no tissue repair; crypt
damage: 0, none; 1, basal one-third damaged; 2, basal two-
thirds damaged; 3, only surface epithelium intact; and 4,
entire crypt and epithelium lost; and percentage involvement:
1, 1% to 25%; 2, 26% to 50%; 3, 51% to 75%; and 4, 76% to
100%. The total histology score is given as inflammation +
extent + regeneration + crypt damage + percentage
involvement."' Acute DSS colitis was scored as described.*®

Cell Isolation and Culture

Colons were excised swiftly and opened longitudinally,
followed by washing with PBS. Epithelial cells were scraped
off with a glass slide and collected for RNA isolation or protein
extraction. LPMCs were isolated as previously described.’”

Flow Cytometric Analysis

Cells were restimulated with 50 ng/mL phorbol 12-
myristate 13-acetate, 500 ng/mL ionomycin, and Mon-
ensin (cat. 00-4505; Thermo Fisher Scientific) for 4 hours,
stained with live/dead dye (Thermo Fisher Scientific) and
anti-CD4, fixed and permeabilized using the FoxP3 staining
buffer set (Thermo Fisher Scientific), and stained with an-
tibodies against murine IL17A, IFN-gamma, IL10, IL22, and
FoxP3. For ILC3 staining, cells were stimulated with IL23
(40 ng/mL), IL18 (100 ng/mL), and Brefeldin A for 4 hours,
and then stained with hematopoietic lineage cocktail and
antibodies against murine Natural Killer Cell P46-Related
Protein, IL22, RORyt, CD45, CD90.2, and CD127. The
following gating strategy was used to analyze ILC3: immune
cells were gated based on forward and side scatter, excluding
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cell aggregates. Then, ILC3 was identified as CD45" Lin°
CD127" CD90.2"8" Roryt™ IL22*. Samples were acquired
using a LSRII flow cytometer (BD Biosciences, Franklin Lakes,
NJ) or the Sony ID7000 Spectral Cell Analyzer and analyzed
using Flow]o software (TreeStar, Inc, Ashland, OR).

Enzyme-Linked Immunosorbent Assay

Blood was collected by retro-orbital bleeding and serum
was stored at -80°C until use. Serum IgA (cat. 88-50450) and
IgG (cat. 88-50400, both Thermo Fisher Scientific) were
assayed by enzyme-linked immunosorbent assay according
to the manufacturer’s instructions.

Quantification of Fecal IgA

Fecal pellets were collected from 8-week-old Dr3"" and
Dr34"E¢ mice and reconstituted in 1 mL phosphate-buffered
saline (PBS) containing 1% bovine serum albumin (BSA) (w/
v) overnight at 4°C. Samples were processed as described.*’ In
brief, cell-free supernatants of fecal matter were used for IgA
enzyme-linked immunosorbent assay. Secreted IgA concentra-
tions were normalized to the total weight of fecal pellets.

Intestinal Permeability Assay

Eight-week-old female mice were fasted overnight and
orally gavaged with FITC-dextran (molecular weight,
3000-5000 daltons, Sigma; 500 mg/kg body weight). Blood
was collected by retro-orbital bleeding 1 hour after gavage and
serum was obtained and stored at -80°C until use. The serum
FITC-dextran concentration was measured with a fluorescence
spectrophotometer (SpectraMax; Molecular Devices) at an
excitation/emission of 485 nm/520 nm and analyzed using a
standard curve of FITC dextran diluted in PBS. Mouse serum
from untreated mice was used as a background control.

Enteroid Culture

The enteroid culture was performed using the ileal
crypts isolated from Dr3"® and Dr3*'E¢ mice as described
previously.”® Briefly, the ileum was collected, washed in ice-
cold Dulbecco’s phosphate-buffered saline (DPBS) without
Ca?" and Mg?", cut open vertically, and luminal content was
washed out with ice-cold DPBS. Tissue pieces (2-3 mm)
were washed in DPBS and incubated for 20 minutes at room
temperature in DPBS/2 mmol/L EDTA with agitation. After
the intestinal pieces settled down, DPBS/EDTA buffer was
replaced with DPBS/0.1% BSA, gently vortexed for 30-60
seconds, and filtered through a 70-um cell strainer to
remove the tissue chunks. This step was repeated 2 more
times and a total of 3 fractions were collected. Fractions 2
and 3 were pooled, centrifuged at 290 x g for 5 minutes,
4°C, and washed with DPBS/0.1% BSA by centrifuging at
200 x g for 3 minutes, 4°C. Crypts then were resuspended
in Advanced Dulbecco’s modified Eagle medium/F12
(12034; Gibco). Epidermal growth factor (EGF)/Noggin/R-
spondin-1 (ENR) media (Advanced Dulbecco’s modified
Eagle medium/F12, 10 mmol/L HEPES, 1x GlutMAX sup-
plement, 100 U/mL penicillin/streptomycin, 1 mmol/L N-
acetylcysteine (A9165; Sigma Aldrich), 1 x B-27
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supplement (17504; Life Technologies), 1 x N-2 supple-
ment (17502; Thermo Fisher Scientific), 50 ng/mL recom-
binant human epidermal growth factor (AF10015), 100 ng/
mL recombinant murine noggin (20538), 1 ug/mL recom-
binant human R-spondin-1 (12038; all Peprotech, Rocky
Hill, N])), and Matrigel 1:1 (356231; Corning, Corning, NY)
were added to the crypts at a seeding density of 100 crypts
per 20 uL. Cell suspension (20 uL) was added to a single
well of a 48-well plate (pre-incubated for 30 minutes at
37°C) and incubated for 10 minutes at 37°C for polymeri-
zation and dome formation. After polymerization of Matri-
gel, 250 uL ENR media was added to each well. The medium
was replaced every 2-3 days with fresh media. Images were
acquired using a Zeiss Axio Observer.Z1 inverted micro-
scope at 10x magnification on days 1, 3, and 6. On day 1,
enteroids were treated with either TL1A (1896; R&D Sys-
tems) or IL22 (Peprotech). RNA from organoids was
extracted by adding RNA lysis buffer lysis buffer (Qiagen)
directly to the enteroids on day 6 of culture and following
the manufacturer’s instructions. The day 6 images were
used for the quantification of enteroid surface area and
counting the buds/crypts. For enteroid formation potential,
the live, intact, and viable enteroids were counted on day 6
and then normalized to the counted enteroids on day 1 of
the same well. At least 70-120 enteroids were included in
the analysis. The enteroid surface area was calculated using
ZEN2 software (Carl Zeiss microscopy).

Immunofluorescence and Confocal Microscopy
Intestines were excised from 8-week-old mice and
immediately fixed in 10% neutral buffered formalin fol-
lowed by paraffin-embedding. Tissue sections were depar-
affinized, boiled in citrate buffer (10 mmol/L sodium citrate,
0.05% Tween-20; pH 6.0) for antigen retrieval, and incu-
bated with primary antibodies overnight. Fluorophore-
conjugated secondary antibodies were incubated for 1
hour. Images were captured with a TCS SP5 X confocal
microscope (Leica) and analyzed using LAS AF Lite software
(Leica). BrdU-positive cells were counted in a well-oriented
crypt-villi axis by an observer blinded to the genotypes.
Whole-mount enteroid staining was performed as previ-
ously described.”” Briefly, enteroids were fixed in 4%
paraformaldehyde, blocked with PBS/0.1% Triton X-100/
0.2% BSA (enteroid wash buffer), and incubated with rabbit
anti-Z0-1 (1:100, 61-7300; Thermo Fisher Scientific) and
goat anti-E-cadherin (1:200, AF648; R&D Systems) anti-
bodies overnight at 4°C. The enteroids were incubated
overnight with donkey anti-goat AF 594 (1:500, A11058;
Life Technology) and donkey anti-rabbit Dylight 650 (1:500,
ab96922; Abcam), followed by nuclei staining with Hoechst
33342 dye (62249; Thermo Fisher Scientific). The enteroids
were mounted on glass slides using fructose-glycerol solu-
tion. Images were acquired using a Leica Stellaris 8 confocal
microscope and analyzed using Image] software (Fiji).

TUNEL Assay
For cell death detection, the TUNEL assay was per-

formed using the Click-iT Plus TUNEL assay kit according to
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the manufacturer’s instructions (C10618; Thermo Fisher
Scientific). Fixed ileal and colonic tissues from Dr3"" and
Dr3*E¢ mice were used.

sm-FISH

Tissues were prepared as described for immunofluo-
rescence staining. The DR3 transcripts were detected using
the RNAscope Multiplex Fluorescent Reagent Kit v2 (ACD,
Newark, CA) according to the manufacturer’s instruction
followed by immunofluorescence staining for E-cadherin.
The probe for murine Dr3 transcripts was custom designed
to hybridize between exons 2 and 5 of murine Dr3, which
was deleted in the process of generating Dr3”" mice.
Probes for Peptidylprolyl Isomerase B (Cyclophilin B) and
Hela cell pellets were used as quality controls in this assay
and a probe for Bacillus subtilis dihydrodipicolinate
reductase was used as a negative control. The probe for
human DR3 was purchased from Advanced Cell Di-
agnostics (cat. 448571). Deidentified formalin-fixed,
paraffin-embedded tissue taken from the unaffected
margin of small-bowel tissue resected during small-bowel
resection for complicated CD was used. Tissue samples
were obtained by the Material and Information Resources
for Inflammatory and Digestive Diseases IBD Biobank after
the patients’ informed consent and approval by the Insti-
tutional Review Board of the Cedars-Sinai Medical Center
(protocol #3358).

RNA, DNA Isolation, and Quantitative Polymerase
Chain Reaction

RNA was extracted from isolated epithelial cells using
RNeasy Mini Kit (Qiagen, Germantown, MD) and comple-
mentary DNA was synthesized using the Omniscript RT kit
(Qiagen). Complementary DNA was amplified with the
QuantiTect SYBR Green Polymerase Chain Reaction Kit
(Qiagen) and specific primers using Eppendorf MasterCycler
RealPlex (Eppendorf, Enfield, CT). Fecal samples were
collected from 8-week-old mice, snap-frozen, and stored at
-80°C. DNA was isolated using the DNeasy PowerSoil DNA
Isolation Kit (Qiagen) following the manufacturer’s in-
structions. The abundance of SFB was measured by quan-
titative polymerase chain reaction using 25 ng fecal
bacterial DNA and specific 16S ribosomal RNA primers for
SFB. The relative abundance for SFB was quantified by
normalizing the quantity of SFB 16S ribosomal RNA gene to
the total amount of 16S bacterial DNA. Sequences of primers
used in this study were as follows: Gapdh sense: 5’-ACAG
TCCATGCCATCACTGCC-3’, antisense: 5’-GCCTGCTTCACCAC
CTTCTTG-3’, Atcbh sense: 5-GACGGCCAGGTCATCACTATT-3’,
antisense: 5’-AGGAAGGCTGGAAAAGAGCC-3’, claudin-1 sense:
5’-CTGGAAGATGATGAGGTGCAGAAGA-3, antisense: 5’-CCAC-
TAATGTCGCCAGACCTGAA-3', claudin-2: 5'-GGCTGTTAGGCA-
CATCCAT-3’, antisense: 5-TGGCACCAACATAGGAACTC-3’,
claudin-3 sense: 5’-AAGCCGAATGGACAAAGAA-3’, antisense:
5’-CTGGCAAGTAGCTGCAGTG-3’, claudin-4 sense: 5-CGCT
ACTCTTGCCATTACG-3’, antisense: 5’-ACTCAGCACACCATGA
CTTG-3, claudin-15 sense: 5-CCACCAGGGCTGGGCTT-3,
antisense: 5’-TCCTGGAGACAGTGGGACAA-3’, Mick sense:
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5’-GGGAAGGCATCACTGAGGTTT-3’, antisense: 5-GCTCTCAG-
CAGGCACAGGTGA-3’, Tnfsfl5 sense 5-CAGCAGAAGGATGG
CAGAGG-3’, antisense: 5’-CTCTGGCCTGTGTCTACAGC-3', Tnfrsf25
sense: 5-GCGTTCTTTGGGGCTATC-3’, antisense: 5-TCCCAG-
TACTGCTTGGAGGT-3", 16S ribosomal RNA universal primer
sense: 5-ACTCCTACGGGAGGCAGCAGT-3’, antisense: 5-ATTA
CCGCGGCTGCTGGC-3', and SFB sense: 5-GACGCTGAGGCATGA-
GAGCAT-3’,  antisense:  5-GACGGCACGGATTGTTATTCA-3.
Expression levels for each gene were normalized to that of the
housekeeping genes Gapdh or Actb and calculated using the
224¢T method.

Protein Extraction and Western Blot

Isolated epithelial cells were washed with DPBS containing
sodium orthovanadate and lysed in 50 mmol/L HEPES, 250
mmol/L NaCl, 20 mmol/L @-glycerophosphate, 1 mmol/L so-
dium orthovanadate, 1 mmol/L EDTA, 1% NP-40, and protease
inhibitors (Calbiochem). Lysates were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis through
14% Tris-glycine gels (Invitrogen), transferred to poly-
vinylidene difluoride membranes, blocked (Odyssey Blocking
Buffer, cat. 927-70001; Li-COR Biosciences), and incubated
with anti-claudin-1 (1:150), anti-claudin-2 (1:1000), or anti-
—glyceraldehyde-3-phosphate dehydrogenase (1:2500, ab9485;
Abcam) overnight at 4°C followed by incubation with IRDye
goat anti-rabbit antibody (1:5000, cat. 926-32211; Li-COR
Biosciences). Images were visualized with the Odyssey
Infrared Imaging System (Li-COR Biosciences). Expression
levels for each protein were analyzed using Image] software
(National Institutes of Health, Bethesda, MD) and normalized to
that of glyceraldehyde-3-phosphate dehydrogenase.

Bacterial Cultures From MLNs

MLNs were homogenized in 500 uL prereduced sterile
PBS using a disposable pellet pestle. A total of 100 uL ho-
mogenate was plated on prereduced chocolate blood agar.
Growth was recorded 1 week out. Tissue processing and
cultivation were performed anaerobically.

Statistical Analysis

Data were analyzed using GraphPad Prism software
(GraphPad Software, La Jolla, CA) or JMP prol3 (JMP Sta-
tistical Discovery) and presented as the means + SEM. Dif-
ferences between the 2 groups were analyzed using the
unpaired, 2-tailed Student t test or the Mann-Whitney U
test. Analysis of variance with the Tukey honestly significant
difference test was used to analyze statistical significance
for more than 2 groups. Chi-squared analysis was used to
analyze bacterial translocation in Dr3"" and Dr3*"8¢ mice. P
values less than .05 were considered statistically significant.

The graphical abstract was created with BioRender.

All authors had access to the study data and reviewed
and approved the final manuscript.
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