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development of IEB dysfunction.

Introduction

Inflammatory bowel disease (IBD), encompassing Crohn’s dis-
ease (CD) and ulcerative colitis (UC), is caused by a complex
interplay between environmental factors, the composition of gut
microbiota, and an inappropriate immune response in geneti-
cally predisposed individuals (1, 2). Recent evidence indicates
that dysregulation of the intestinal epithelial barrier (IEB) plays a
major role in the development, perpetuation, and severity of IBD
(3) — especially under inflammatory conditions (4). Therefore,
investigations into the underlying mechanisms behind inflamma-
tion-induced IEB breakdown in IBD are needed to identify novel
therapeutic approaches.

Under basal conditions, the intestinal mucosa is lined by a sin-
gle layer of polarized epithelial cells (enterocytes) that are sealed
and held together by different junctional proteins such as tight
junctions, adherens junctions, and desmosomes (5, 6). It has been
shown previously that not only profound changes in tight junction
integrity but also the loss of the desmosomal cadherin desmoglein
2 (DSG2) plays a critical role in the pathogenesis of intestinal barrier
dysfunction in patients with CD (7). This is corroborated by recent
findings from enterocyte-specific DSG2-deficient mice, which have
impaired IEB both under basal and inflammatory conditions (8).
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Impaired intestinal epithelial barrier (IEB) function with loss of desmosomal junctional protein desmoglein 2 (DSG2) is a
hallmark in the pathogenesis of inflammatory bowel disease (IBD). While previous studies have reported that glial cell
line-derived neurotrophic factor (GDNF) promotes IEB function, the mechanisms are poorly understood. We hypothesized
that GDNF is involved in the loss of DSG2, resulting in impaired IEB function as seen in IBD. In the inflamed intestine of
patients with IBD, there was a decrease in GDNF concentrations accompanied by a loss of DSG2, changes of the intermediate
filament system, and increased phosphorylation of p38 MAPK and cytokeratins. DSG2-deficient and RET-deficient Caco2
cells revealed that GDNF specifically recruits DSG2 to the cell borders, resulting in increased DSG2-mediated intercellular
adhesion via the RET receptor. Challenge of Caco2 cells and enteroids with proinflammatory cytokines as well as dextran
sulfate sodium-induced (DSS-induced) colitis in C57BI/6 mice led to impaired IEB function with reduced DSG2 mediated by
p38 MAPK-dependent phosphorylation of cytokeratins. GDNF blocked all inflammation-induced changes in the IEB. GDNF
attenuates inflammation-induced impairment of IEB function caused by the loss of DSG2 through p38 MAPK-dependent
phosphorylation of cytokeratin. The reduced GDNF in patients with IBD indicates a disease-relevant contribution to the

Desmosomes in the intestinal epithelium consist of the cad-
herin-type adhesion molecules DSG2 and desmocollin2 (DSC2)
which are tethered to the intermediate filament cytoskeleton
through specific desmosomal plaque proteins. Consequently,
desmosomal function is dependent on a dynamic process in the
intermediate filament system which is regulated by p38 mito-
gen-activated protein kinase (p38 MAPK) (9). The proinflamma-
tory cytokine tumor necrosis factor a (TNF-0) is one of the major
cytokines in the pathogenesis of IBD (10) and has been shown to
increase intestinal epithelial permeability by p38 MAPK-depen-
dent loss of DSG2-mediated adhesion (7).

The enteric nervous system (ENS) and factors secreted by
enteric glial cells are critically involved in the regulation of IEB func-
tion, and thus may be an unappreciated pathogenicity factor in the
development of IBD (11). Additionally, the number of enteric gli-
al cells is reduced in intestinal tissue samples of IBD patients, and
toxic or autoimmune ablation of enteric glial cells leads to impaired
IEB function in experimental studies in vivo (12, 13). However, this
view was previously challenged since ablation of enteric glial cells
in mice did not lead to alterations of IEB function (14). Nonethe-
less, a potential key player that was initially thought to be mainly
secreted by enteric glial cells is glial cell line-derived neurotrophic
factor (GDNF). Recent studies indicate that GDNF also derives from
smooth muscle cells and enterocytes in significant amounts (15, 16).
Loss of GDNF in experimental models leads to morphological and
functional abnormalities of IEB similar to those seen in patients with
IBD (17, 18). Furthermore, GDNF shows antiinflammatory effects
in a murine model of colitis (19) and exerts direct effects on entero-
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Figure 1. Reduction of GDNF correlated with loss of DSG2 in patients with IBD. Western blot analyses (A and C) and GDNF ELISA (B and D) from resection
specimens of patients with CD and UC showed significantly reduced levels of GDNF (Western blot, n = 9; ELISA, n = 5 control; CD or UC, n = 8). Kruskal-Wal-
lis test (ANOVA) was carried out for CD blots and ELISAs followed by a Mann-Whitney U test for UC blots or Dunn’s multiple comparison test for ELISAs.
(E) Immunostaining was performed for DSG2 or cytokeratin 18 from resection specimens from the terminal ileum of patients with CD or from the colon of
patients with CU (n = 9 for each condition). Scale bars: 50 um for the overview panels; 10 um for the transverse/longitudinal panels. (F) Western blot anal-
yses of control (n = 6), CD, and UC samples (n = 9) of DSG2, p38 MAPK, cytokeratin 18, and cytokeratin 8 were performed. Kruskal-Wallis tests (ANQVA)
were carried out. OD values normalized to 3-actin or to total p38 MAPK, cytokeratin 18, or cytokeratin 8 are indicated below the Western blots. *P < 0.05
compared with control, #P < 0.05 compared with uninflamed tissue.
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Table 1. Patient characteristics

Identification Sex Age Medication
Control 1 F 61 None

Control 2 M 66 None

Control 3 M 60 None

Control 4 F 76 None

Control 5 M 49 None

Control 6 M 52 None

Control 7 F 70 None

Control 8 F 68 None

Control 9 M 67 None

Control 10 M 55 None

Patient 1 F 25 AZT

Patient 2 M 26 Adalimumab
Patient 3 M 32 Infliximab, prednisolone
Patient 4 M 29 AZT

Patient 5 F 24 Infliximab, mesalazine, prednisolone
Patient 6 F 4 Budesonide, infliximab, AZT
Patient 7 M 50 MTX

Patient 8 M 46 Budesonide
Patient 9 F 34 Prednisolone
Patient 10 M 65 Mesalazine
Patient 11 M 45 Adalimumab
Patient 12 M 21 Prednisolone, infliximab
Patient 13 F 48 Golimumab
Patient 14 M 63 None

Patient 15 M 55 Budesonide, mesalazine
Patient 16 M 4 Vedolizumab
Patient 17 M 53 Infliximab, prednisolone
Patient 18 F 72 Prednisolone, mesalazine

Asc., ascendens; trans., transversum; desc., descendens; sig., sigmoideum.

Histology Location
NET lleum
Colon asc. carcinoma lleum
Coecum adenoma lleum
Colon asc. carcinoma lleum
Colon asc. adenoma lleum
Sigma carcinoma Colon desc.
Colon asc. carcinoma Colon trans.
Colon asc. carcinoma Colon trans.
Rectum carcinoma Colon sig.
Colon asc. carcinoma Colon trans.
Active Crohn's disease, stenosis lleum
Active Crohn’s disease lleum
Active Crohn’s disease, stenosis lleum
Active Crohn’s disease lleum
Active Crohn’s disease Jejunum
Active Crohn’s disease, retroperitoneal fistula lleum
Active Crohn’s disease, stenosis lleum
Active Crohn’s disease lleum
Active Crohn’s disease lleum
Colon asc. carcinoma, active ulcerative colitis Colon desc.
Active ulcerative colitis Colon desc.
Active ulcerative colitis Rectum
Active ulcerative colitis Colon sig.
Colon desc. carcinoma, active ulcerative colitis Colon trans.
Colon asc. carcinoma, active ulcerative colitis Rectum
Active ulcerative colitis Colon sig.
Active ulcerative colitis Colon sig.
Rectum carcinoma, active ulcerative pancolitis Colon trans.

cytes in vitro, leading to the maturation of tight junctions in the IEB
by largely unknown mechanisms (16).

Based on this, we tested the hypothesis that GDNF critically
regulates DSG2-dependent integrity of the intestinal barrier in
inflammation and is thereby involved in the pathogenesis of intes-
tinal barrier dysfunction in IBD.

Results

In inflammation, reduced GDNF in the terminal ilewm and colon of
patientswithIBD is associated with loss of barrier function. Full wall tissue
specimens from patients with CD and UC were compared to detect
changes of intestinal GDNF concentrations in IBD. While GDNF
concentrations were comparable in whole intestinal tissue lysates of
healthy patients and in noninflamed intestinal tissue of patients suf-
fering from CD, GDNF was reduced in inflamed parts of the same CD
tissue samples as revealed by Western blot analyses and ELISA-based
measurements of GDNF concentrations (Figure 1, A and B). Similar
results were evident in UC samples (Figure 1, C and D).

As shown by immunofluorescence staining, the loss of GDNF
in CD and UC was paralleled by changes of the desmosomal adhe-
sion protein DSG2 and the intermediate filament system such as
cytokeratin 18 (CK18). Under basal (noninflamed) conditions,
DSG2 was regularly distributed along the cell borders and CK18
was well organized (Figure 1E). In contrast, DSG2 was lost at the

jci.org  Volume129  Number7  July 2019

cell borders and the intermediate filament system was completely
deranged in inflamed tissue of IBD patients (Figure 1E).

Western blot analyses of the human IBD samples showed a
significant reduction of DSG2 (Figure 1F, Supplemental Figure
1A, and Supplemental Figure 2A; supplemental material available
online with this article; https://doi.org/10.1172/JCI120261DS1).
Since DSG2 is known to be regulated by p38 MAPK (20) and we
observed alterations of cytokeratins in immunostaining, we tested
whether phosphorylation of these proteins was altered in IBD. In
CD and in UC samples, phosphorylation of p38 MAPK as well as
phosphorylation of cytokeratins 18 and 8 were increased in West-
ern blot analyses (Figure 1F, Supplemental Figure 1, B-D, Supple-
mental Figure 2, B-D, and Table 1). Western blotting of E-cadherin
and claudin 1 served to exclude that the mucosa was lost in the tis-
sue specimens from CD and UC patients (Supplemental Figure 1,
E and F, and Supplemental Figure 2, E and F).

GDNF ceffects on IEB are mediated via DSG2. These obser-
vations in patients led to the hypothesis that GDNF might be
critically involved in the regulation of DSG2 and thereby con-
tribute to loss of IEB function in IBD. As shown in our previous
study (16), the presence of GDNF receptors RET, GFRal-3 in
Caco?2 cells, enteroids, and mouse and human tissue samples
was confirmed by Western blotting (Supplemental Figure 6C).
First, the effects of GDNF on DSG2 were evaluated in Caco2
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To explore the functional effect of GDNF on DSG2 bind-
ing properties and distribution on the cell surface, atomic force
microscopy (AFM) was applied on living Caco2 cells (21). Imaging
of'the cell surface topography revealed a microvillus-covered sur-
face typical for polarized Caco2 cells and elevated cell-cell bor-
ders, which allowed specific measurements at these areas (Figure
2D). To examine DSG2 binding properties, adhesion measure-
ments with a DSG2-coated tip of a flexible AFM cantilever on liv-
ing cells were performed. Two cell-cell border-containing areas
were selected for each condition and 1000 force-distance curves
were recorded for each area. To ensure comparability among dif-
ferent conditions, measurements under control conditions and
on cells incubated with GDNF or EGTA were always performed
with the same AFM cantilever. Under control conditions, binding
events were detected with an unbinding force of around 29 pN
as revealed by peakfit analysis (Figure 2E), which resembles the
values of previously measured DSG2-specific unbinding forces
on the surface of living enterocytes (20). Application of GDNF
increased the amount of measured binding events by approx-
imately 50% (Figure 2, F and G). EGTA was applied to demon-
strate specificity of measured binding events as Ca?* depletion
disrupts Ca*-dependent cadherin binding. After 30 minutes of
EGTA-mediated Ca* depletion, binding frequency was reduced
by around 40% compared with control conditions (Figure 2G).
Since measured binding events after incubation with GDNF
appeared to be more prominent at cell-cell borders (Figure 2F),
it was examined next whether the localization of DSG2-specific
binding events was altered compared with control conditions.
Therefore, a distribution ratio defined as the percentage of mea-
sured binding events along the cell borders (cb) versus measured
binding events on the cell surface (cs) was calculated (Figure 2H).
Indeed, the distribution ratio was increased after incubation with
GDNF. Together, these data indicate that application of GDNF
results in a redistribution of existing DSG2-specific interactions
or promotes the emergence of new DSG2-specific interactions
along the cell border.

To verify that the effects of GDNF on the IEB were specific
for DSG2, a DSG2-deficient Caco2 (DSG27") cell line was gen-
erated using the CRISPR/CAS9 technique (Figure 2I). In Caco2
cells transfected with nonsense vectors, application of 100 ng/
ml recombinant GDNF led to increased transepithelial electri-
cal resistance (TER) values of 1.5-fold compared with untreated
controls (Figure 2J). In DSG27~ Caco2 cells, application of GDNF
did not show any effect on TER (Figure 2K), which confirmed that
GDNF effects were dependent on DSG2.

TNF-o-induced cytokeratin retraction and loss of DSG2 are
blocked by GDNF. TNF-a was used to mimic inflammation-in-
duced alterations in differentiated Caco2 monolayers because
it is a key mediator that induces increased intestinal permeabili-
ty in IBD. Application of TNF induced a significant reduction of
TER to 0.73 + 0.05-fold of baseline values after 8 hours (Figure
3A). Combined treatment of monolayers with TNF-o and GDNF
completely blocked TNF-induced loss of TER. Similarly, mea-
surements of 4 kDa FITC dextran flux across Caco2 monolay-
ers revealed augmented epithelial permeability following incu-
bation with TNF-a in both Caco2 DSG27* and DSG2-deficient
Caco2 cells (Figure 3, B and C). Application of GDNF blocked this

jci.org  Volume129  Number7  July 2019

The Journal of Clinical Investigation

TNF-o-induced increase of epithelial permeability in DSG2**
cells but not in DSG2-deficient cells. Importantly, permeability
measurements across WT and DSG2-deficient monolayers using
70 kDa FITC-dextran was not changed following incubation with
similar concentrations of TNF-a or TNF-a+GDNF (Supplemental
Figure 3C). In line with this, gross cell damage by cell death/apop-
tosis under our experimental conditions was excluded as revealed
by cell viability/apoptosis assays and activated caspase-3 Western
blots (Supplemental Figure 4, A-E).

Following application of TNF-a, DSG2 was reduced in triton
extraction assays in the insoluble fraction i.e. in the cytoskele-
ton-bound fraction compared with controls. Combined treatment
of cells with TNF-a and GDNF inhibited loss of DSG2 in the tri-
ton-insoluble fraction (Supplemental Figure 3, A and B). This
observation was confirmed by immunostaining as DSG2 was regu-
larly distributed at the cell border in differentiated Caco2 cells (Fig-
ure 3D) under control conditions and was reduced after application
of TNF-o (Figure 3D). The loss of DSG2 from the cell border was
attenuated by simultaneous application of TNF-a and GDNF in
Caco2 monolayers (Figure 3D). Intermediate filaments visualized
by cytokeratin 18 immunostaining were present as a keratin ring
in the cell periphery under control conditions (Figure 3D). Appli-
cation of TNF-u led to a retraction of the intermediate filament
ring (Figure 3D) which was diminished after combined treatment
of cells with TNF and GDNF (Figure 3D). The visual impression of
changes within the intermediate filament system were quantified
and thereby confirmed by measurements of fluorescence intensity
at the cell border and distance of retraction of the keratin ring from
the cell border (Supplemental Figure 3, D and E).

In human intestinal enteroids, comparable observations
were made for DSG2 and cytokeratin 18: While DSG2 was reg-
ularly distributed at the cell border under control conditions
(Figure 4A), application of TNF-a led to decreased DSG2 stain-
ing (Figure 4A). Treatment of enteroids with TNF-o and GDNF
blocked loss of DSG2 at the cell border (Figure 4A). The keratin
ring (Figure 4A) was deranged after TNF-o application (Figure
4A) which was not observed following TNF-o and GDNF treat-
ment (Figure 4A).

In dispase-based enterocyte dissociation assays, incubation
of differentiated Caco2 (Caco DSG2+*) cells with TNF-o led to an
increased number of cell fragments which was blocked by simul-
taneous application of TNF-a and GDNF (Figure 3F). In Caco2
DSG27~ cells, we found increased cell dissociation compared with
Caco2 DSG2*~ cells under basal conditions. Cell dissociation was
further raised after application of TNF-o. However, in the absence
of DSG2, increased cell dissociation was not blocked by applica-
tion of GDNF (Figure 3G), confirming the specificity of GDNF
effects on DSG2-mediated adhesion. Application of GDNF alone
had no effect on basal cell dissociation in both cell lines.

Inflammation-induced effects on DSG2 are mediated by acti-
vation of p38 MAPK and phosphorylation of cytokeratin 18. Given
the alternating activation or inactivation of p38 MAPK by TNF-o
and GDNF, we hypothesized that epithelial barrier protection by
GDNF is mediated by affecting p38 MAPK followed by modula-
tion of the intermediate filament system. Accordingly, phosphor-
ylation of p38 MAPK was increased following incubation with
TNF-a in Caco2 cells and in human enteroids (Figure 3E and Fig-
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Figure 3. GDNF attenuated inflammation-induced effects in Caco2 cells. (A) In TER measurements application of TNF-o resulted in reduction of TER which was
attenuated by simultaneous application of GDNF (n = 6 experiments for each condition). *P < 0.05 compared with control; unpaired t test for each time point. (B
and C) Permeability measurements across Caco2 DSG2*+ (B) and Caco2 DSG2~ (C) were carried out under the different conditions, and permeability coefficient
(P,) was calculated (ordinary 1-way ANOVA; n = 8-10 for each condition). (D) Immunostaining was performed in Caco2 cells for DSG2 and for cytokeratin 18. Images
are representative of n = 6 experiments. Scale bar is 20 um in the left (overview) and 5 um in the right panels. (E) Western blot analyses were performed in Caco2
cells for p38 MAPK, cytokeratin 18, and cytokeratin 8 and their phosphorylated forms (n = 6). *P < 0.05 versus control; *P < 0.05 versus TNF-a (ordinary 1-way ANO-
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jci.org  Volume 129

Number 7

2829

July 2019


https://www.jci.org
https://www.jci.org
https://www.jci.org/129/7

2830

RESEARCH ARTICLE

ure 4B). Simultaneous application of TNF-o¢ and GDNF attenuated
phosphorylation of p38 MAPK while GDNF alone reduced phos-
phorylation of p38 MAPK below baseline levels (Figure 3E, Figure
4B, and Supplemental Figure 5, A and B).

Because a correlation of phosphorylated cytokeratins with
intestinal barrier function was suggested previously (22), phos-
phorylation of cytokeratins 18 and 8 was analyzed following treat-
ment with TNF-a or TNF-a and GDNF, respectively. Application
of TNF-o resulted in augmented phosphorylation of cytokeratin
18 at serine 52 and cytokeratin 8 at serine 74 in Caco2 cells (Figure
3E and Supplemental Figure 5, C and E) and in enteroids (Figure
4B and Supplemental Figure 4, B, D, and F). In contrast, no chang-
es of phosphorylation patterns were detected for cytokeratin 18 at
serine 33 (Supplemental Figure 6, A and B). Application of TNF-a
and GDNF blocked phosphorylation of both cytokeratin 18 and
cytokeratin 8 (Figure 3E, Figure 4B, and Supplemental Figure 5,
C-F). Further experiments showed that increased phosphoryla-
tion of cytokeratins 18 and 8 by TNF-a was inhibited by simul-
taneous treatment of cells with p38 MAPK inhibitor S8202190.
Application of SB202190 alone resulted in reduced phosphory-
lation of cytokeratins 18 and 8 below control levels (Figure 4C).
Vice versa, activation of p38 MAPK by incubating Caco2 cells
with anisomycin (7) resulted in increased phosphorylation of
cytokeratins 18 and 8. These experiments demonstrate that cyto-
keratin phosphorylation in intestinal epithelial cells is mediated
by activation of p38 MAPK.

In Caco2 monolayers, application of TNF-a and SB202190
blocked TNF-o-induced loss of DSG2 at the cell border (Fig-
ure 4D), and cytokeratin retraction as revealed by cytokeratin
18 immunostaining was no longer detectable (Figure 4D). While
treatment of cells with SB2021090 alone did not induce visible
alterations of DSG2 and cytokeratin staining (Figure 4D), applica-
tion of anisomycin to activate p38 MAPK showed a strong increase
in phosphorylation of both cytokeratins 18 and 8, which resulted in
loss of DSG2 at the cell border in immunostaining and cytokeratin
retraction, comparable to the effects observed after TNF-o treat-
ment (Figure 4D).

Effects of GDNF in enterocytes are mediated via the RET receptor.
For neuronal cells, it is well established that GDNF mediates its
effects mainly via the tyrosine kinase receptor RET (23). To assess
whether this is also the case in enterocytes, we first confirmed
that the RET receptor and its coreceptors GFRa 1-3 were present
in Caco? cells, human and mouse tissue specimens, and enteroids
(Supplemental Figure 6C). In Western blot analyses, we found that
phosphorylation of RET at Tyr905, which is known to be required
for activation of RET (24), was augmented in Caco?2 cells follow-
ing GDNF stimulation (Figure 5A). Knock down of RET receptor
(Figure 5B) using a siRNA approach blunted both endogenous bar-
rier maturation and GDNF-induced barrier maturation in mea-
surements of TER in Caco2 monolayers (Figure 5C). According-
ly, the GDNF-induced increase and linearization of DSG2 at the
cell border was not observed following knock down of the RET
receptor (Figure 5D). In measurements of 4 kDa FITC-dextran
flux, increased permeability following TNF-o application was not
blocked by GDNF after knock down of the RET receptor (Figure
5E). Similarly, under these conditions GDNF did not block aug-
mented phosphorylation of p38 MAPK following incubation with
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TNF-a (Figure 5F). Moreover, knock down of RET augmented bas-
al phosphorylation of p38 MAPK (Figure 5, B and F). In summary,
these experiments demonstrate that GDNF effects via p38 MAPK
in enterocytes are mediated by RET-dependent signaling.

GDNF attenuates loss of IEB and inflammation in DSS-induced
colitis. To determine the effects of GDNF on IEB in an in vivo
model of intestinal inflammation, we induced acute colonic injury
with 2.5% dextran sulfate sodium (DSS) in mice. C57Bl/6 mice (n
= 18) received 2.5% DSS in autoclaved drinking water ad libitum,
whereas control mice received normal drinking water. One group
(DSS + GDNF; n = 9) was treated daily with 5 pg/kg bodyweight of
GDNF in 100 pl 0.9% sodium chloride intraperitoneally whereas
the other group (DSS) received 100 pl 0.9% sodium chloride. The
dose of GDNF was chosen according to previous data (19) and the
effective administration of GDNF was verified in ELISA-based
measurements of GDNF serum concentrations and in tissue
lysates of the colon after 1 hour, 8 hours, and 24 hours (Figure 6,
A and B). The baseline levels of GDNF were in the same range as
reported previously for mice and shown here for humans (Figure
1B and ref. 25). In this group, GDNF administration alone had no
obvious side effects on body weight and stool consistency, which
conforms to previous observations (26).

Following DSS application, the disease activity index (DAI)
and the stool index were increased to 2.11 + 0.26 and to 1.78 £ 0.22
after 5 days, respectively (Figure 6, C and D). Both were reduced
when animals were treated with GDNF (Figure 6, B and C). In the
control group, the colon length was 70.05 + 1.4 mm which was
reduced to 49.11 + 0.84 mm in the DSS group. The reduction of
colon length was attenuated by GDNF application (55.1 1.7 mm;
Figure 6E). The bodyweight was reduced in the DSS group com-
pared with controls, and it was not improved by GDNF treatment
(Figure 6F). GDNF levels were not reduced in DSS-induced colitis
compared with controls (Supplemental Figure 6D).

Histological analyses of H&E-stained sections revealed
an acute inflammation of the colon following DSS administra-
tion with an inflammation score of 6.7 + 0.8 (Figure 7, A and B).
Treatment of animals with GDNF resulted in a visible reduction
of inflammation (Figure 7A), which was reflected by a signifi-
cant reduction of the inflammation score (Figure 7B). Animals
with DSS-induced colitis showed significant loss of DSG2 at the
cell border, which was attenuated by treatment of DSS animals
with GDNF (Figure 7A). Compared with controls, cytokeratin
18 staining was deranged in DSS-treated animals whereas treat-
ment with GDNF resulted in regular staining patterns for cyto-
keratin 18 (Figure 7A). The tight junction protein claudin 1 was
also reduced following DSS-induced colitis, which was attenu-
ated by GDNF treatment (Figure 7), whereas E-cadherin stain-
ing was largely unaffected in acute DSS-induced colitis and by
GDNF treatment (Figure 7).

Intestinal permeability as revealed by measurements of
4 kDa FITC-dextran flux across the IEB was increased to 9.9
* 1.3-fold of controls (Figure 7C). Treatment of animals with
GDNF (DSS+GDNF) attenuated inflammation-induced loss of
the intestinal barrier. In Western blot analyses, phosphorylation
of p38 MAPK and cytokeratin 18 was increased in DSS-induced
colitis, and both were attenuated by treatment with GDNF (Fig-
ure 7D and Supplemental Figure 7).
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Figure 4. GDNF effects in human enteroids and TNF-c-induced cytokeratin phosphorylation are p38 MAPK dependent. (A) Immunostaining for DSG2
and cytokeratin 18 in human enteroids. Images are representative of n = 7 experiments. Scale bars: 20 um in the left overview panels and 7.5 um in the
longitudinal/transverse panels. (B) Western blots of p38 MAPK, cytokeratin 18, and cytokeratin 8 from human enteroids are shown (n = 6). *P < 0.05
compared with control; #P < 0.05 compared with TNF-a (ordinary 1-way ANOVA). (C) Western blots for cytokeratin 18 and cytokeratin 8 were performed
in Caco2 cells (n = 6). *P < 0.05 compared with control; P < 0.05 compared with TNF-a (ordinary 1-way ANOVA). 0D values normalized to B-actin or total
p38 MAPK, cytokeratin 18, or cytokeratin 8 are indicated below the Western blots. (D) Immunostaining of DSG2 and cytokeratin 18 in Caco2 monolayers;

images are representative of n = 8 experiments. Scale bar: 20 pm.
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Figure 5. GDNF effects in enterocytes are RET dependent. (A and B) Western blots were performed for pRET™®%, RET, B-actin, RET, B-actin, pp38 MAPK,
or p38 MAPK under the different conditions (n = 5). (C) TER measurements in Caco2 cells following knock down of RET and in Caco2 transfected with non-
target siRNA (NT) are shown (n = 8 for each condition). *P < 0.05 compared with control (unpaired t test for each time point). (D) Immunostaining against
DSG2 (red) and DAPI to visualize cell nuclei in Caco2 cells transfected with nontarget (NT) siRNA or RET siRNA with and without application of GDNF. Scale
bar: 20 um; experiments are representative of n = 8 experiments. (E) Permeability measurements of 4-kDa FITC-dextran in Caco2 cells transfected with
nontarget (NT) siRNA or RET siRNA were taken under the different conditions and permeability coefficient (P,) was calculated (ordinary 1-way ANOVA; n =
12-16 for each condition). (F) Western blots for RET, pp38 MAPK, or p38 MAPK under the different conditions are shown. OD values normalized to total p38
MAPK are indicated below the Western blots. *P < 0.05 compared with control; #P < 0.05 compared with TNF-a (ordinary 1-way ANOVA; n = 8).

Discussion

In the present study, we found that the neurotrophic factor GDNF
was reduced in samples from patients with IBD, which correlated
with the loss of desmosomal DSG2 and alterations of the interme-
diate filament system (Table 2). In vitro experiments in Caco2 cells
revealed that GDNF acts via stabilization of DSG2 since Caco2
cells deficient for DSG2 were unresponsive to GDNF. In Caco2
cells as well as in human enteroids, GDNF protected against
inflammation-induced loss of DSG2 and breakdown of the IEB.
Furthermore, inflammation-induced loss of IEB by application
of TNF-o was mediated by activation of p38 MAPK, paralleled by
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phosphorylation of cytokeratins 8 and 18 and a reduction of DSG2
atthe cell border. This represents a new mechanism for IEB break-
down in inflammation. Evidence in support of regulation of apop-
tosis by GDNF as amediator of its protective effect on the intestinal
epithelium was not obtained. Rather, protective effects of GDNF
on IEB were mediated by inhibiting TNF-a-induced phosphor-
ylation of p38 MAPK and cytokeratins via the RET receptor. The
relevance of this mechanism in vivo was confirmed in a murine
model of DSS-induced colitis where we observed increased phos-
phorylation of p38 MAPK and cytokeratins followed by loss of
DSG2. Breakdown of the IEB and all other inflammation-induced
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Figure 6. GDNF reduced the disease activity index in murine DSS-induced colitis. (A and B) ELISA-
based measurements of GDNF levels in serum (A) and in colon lysates (B) are shown following i.p.
application of GDNF in mice (n = 4; Kruskal-Wallis test, ANOVA). DAI (C), stool index (D), colon length
(E), and changes of body weight (F) for DSS animals are shown (n = 9 in each group; unpaired t tests for

each time point; ordinary 1-way ANOVA).

effects were attenuated by therapeutic administration of recombi-
nant GDNF. Finally, the tight association of all these findings, i.e.,
the loss of GDNF and DSG2 alongside the increased phosphoryla-
tion of p38 MAPK and cytokeratins in samples from patients with
CD and UC, point to a disease-relevant role and a mechanism of
GDNF-dependent effects in IBD. The relevance of RET receptor-
dependent signaling of GDNF in enterocytes is also shown in our
present data. In summary, these findings relate to exacerbation
of IBD or continued inflammatory activity. These findings do not
show that GDNF signaling relates to the baseline elevated intesti-
nal permeability in patients with CD and their families.

Loss of GDNF in IBD contributes to inflammation-induced break-
down of the IEB. Our data revealed that GDNF is significantly
reduced in samples from patients with CD and UC. Overall, this
observation supports previous experimental models where loss of
GDNF led to morphological and functional abnormalities of IEB
similar to those seen in patients with IBD (17). Previously, GDNF
was found to be differentially expressed throughout the intestinal
tract with the highest concentrations in the colon (27). This was also

to perform surgery in patients with IBD
has changed. Therefore, it is likely that the
patients included in the different studies
were operated on at different stages of the

Days

disease. This makes a direct comparison
between our study and the previous stud-
ies difficult. Nonetheless, it can be spec-
ulated that GDNF expression is dynamic
in the course of IBD, and may be influenced by the state of inflam-
mation. On the other hand, GDNF may only hold therapeutic value
to promote mucosal healing at earlier stages of the disease. This
hypothesis remains to be investigated in a dedicated observational
clinical study.

The finding that uninflamed parts of the terminal ileum of
patients with CD showed no reduction of GDNF compared with
healthy controls argues against a primary loss of GDNF in the
context of IBD at first glance. Therefore, it can be concluded that
changesin GDNF donotrelate to increased intestinal permeability
under basal conditions in IBD but rather plays a role in inflamma-
tion. The finding that loss of GDNF was not observed in DSS-in-
duced colitis in mice can be explained by the fact that the DSS
modelis a chemically induced model of IBD which does not reflect
the pathogenesis but rather the phenotype of IBD. This strength-
ens our finding that, in human specimens, there is a specific role
for GDNF in the pathogenesis of inflammation-induced intestinal
barrier disruption in IBD. Furthermore, the fact that application
of recombinant GDNF attenuated inflammation-induced loss of
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Figure 7. GDNF stabilizes intestinal barrier function in DSS-induced colitis. (A) H&E
staining of colon sections from mice are shown for controls (left), DSS-induced colitis
(middle), and DSS-induced colitis with GDNF treatment (right). Immunostaining of DSG2,
cytokeratin 18, claudin 1, and E-cadherin are shown under the different experimental
conditions. Scale bars: 100 um in H&E overview; 50 um in the immunostaining overview
panels; 20 um in all other panels. Experiments shown are representative of n = 9 for each
group. (B) Inflammation score was evaluated by H&E staining (n = 9 for each group; ordi-
nary 1-way ANOVA). (C) Intestinal permeability was measured by translocation of 4-kDa
FITC-dextran from the intestinal lumen into the blood (n = 9 for each group; ordinary
1-way ANOVA). (D) Western blots from colon tissue lysates of animals for p38 MAPK,
cytokeratin 8, and cytokeratin 18 are shown. OD values normalized to B-actin or to total
p38 MAPK, cytokeratin 18, or cytokeratin 8 are indicated below the Western blots (n = 6
for each group; ordinary 1-way ANOVA). *P < 0.05.
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Table 2. Overview of GDNF signaling models

Aspect of GDNF signaling

GDNF receptors +
Reduction of GDNF concentration in inflammation +
RET-dependent phosphorylation of p38 MAPK NA
Changes of DSG2 +
Inflammation-induced phosphorylation of p38 MAPK +
Inflammation-induced phosphorylation of cytokeratin 8 and cytokeratin 18 +
Inflammation-induced keratin retraction +
Changes in permeability NA
Mechanical stability NA
Antiapoptotic effects of GDNF NA

Human specimens
(Crohn’s disease,
ulcerative colitis)

Model used
Caco2 cells Enteroids Mice
(TNF-o~induced (TNF-o-induced (DSS-induced colitis)
inflammation) inflammation)
+ + +
NA NA -
+ NA NA
+ + +
+ + +
+ + +
+ + +
+ NA +
+ NA NA
+ NA +

Overview demonstrating which aspects of GDNF signaling were studied in the different models. +, result as indicated; -, negative result; NA, experiment

not performed.

barrier function underlines the importance of GDNF in this con-
text. It can be speculated that there may be increased susceptibil-
ity of enteric glial cells leading to alterations of GDNF secretion.
This is supported by previous data from biopsies of patients with
IBD and animal models of IBD which consistently suggested a
role of inflammatory effects on the ENS in the generation of symp-
toms associated with IBD (29). The substantial role for enteric
glial cells and especially GDNF in the context of inflammatory
response was pointed out by a study in which TLR2-deficient mice
displayed disturbed architecture of the ENS, which resulted in
reduced GDNF expression and breakdown of the IEB (17). In the
latter study, application of GDNF led to reconstitution of the ENS
but potentially direct effects of GDNF on enterocytes remained
unexplored (17). In contrast to these observations, recent studies
demonstrated that enteric glial cells are not required for main-
tenance of the epithelium in mice (14) and do not acutely effect
gut permeability (30). Therefore, it must be considered that in
addition to alterations of enteric glial cells in IBD, smooth muscle
cells in the gut wall and even enterocytes represent an additional
source of GDNF, and both may be critically involved in the regula-
tion of intestinal GDNF levels in health and disease (15, 16). This
idea conforms to the observation that the sole increase of epithe-
lial GDNF in specimens of patients with IBD may be part of a res-
cue mechanism following inflammation (18). The most important
source of GDNF is thought to be the ENS, although GDNF may
also derive from smooth muscle cells or enterocytes. This remains
to be determined in future studies as it was not in the scope of the
present study.

GDNF attenuated all inflammation-induced effects in intestinal
epithelial cells via the RET receptor. In previous studies and here, we
and other groups confirmed the presence of GDNF receptors and
responsiveness to GDNF in enterocytes (16, 18). Furthermore, we
demonstrate here for what we believe is the first time that GDNF
effects in enterocytes require RET receptor-dependent signaling.
On the one hand, GDNF augmented phosphorylation of the RET
receptor. On the other hand, loss of the RET receptor by siRNA
blunted all GDNF-induced effects in enterocytes. Interestingly, in

a nationwide population-based cohort study from Sweden, indi-
viduals with Hirschsprung’s disease (HD) showed an increased
risk to develop IBD with an odds ratio of 4.99 (31). However, a
metaanalysis that was published around the same time showed
that only a subset of male patients with HD after the surgical
Duhamel procedure with ongoing enterocolitis have an associa-
tion with IBD, especially CD (32). Based on these observations, a
clinical relevance for our observations can be assumed.

Previous studies suggested that GDNF indirectly stabilizes
the IEB by inducing antiapoptotic effects on colonic enterocytes
and immunomodulation (18, 19, 33, 34). According to our in vitro
data in Caco2 cells and in human enteroids, application of GDNF
resulted in direct effects on enterocytes, which prevented inflam-
mation-induced loss of IEB. A potential role of apoptosis induced
by TNF-o under the experimental conditions used here in vitro was
excluded and therefore GDNF apparently did not exert its protec-
tive influence via antiapoptotic effects. In vivo, we clearly detect-
ed apoptosis as revealed by activated caspase 3 in colon lysates of
animals with DSS-induced colitis. This, however, was not blocked
markedly by GDNF treatment, showing that protective effects of
GDNF are not mediated by blocking apoptosis in vivo.

For what we believe is the first time, we provide evidence that
GDNF effects are mediated by strengthening DSG2 function,
which was proven by the fact that DSG2-deficient cells showed no
response to GDNF. Based on our in vitro data where no immune
cells were present, we assume that DSG2 has no immunomodula-
tory role itself but exerts its effects by stabilization of intercellular
junctions in enterocytes. The effects on DSG2 in enterocytes by
GDNF were substantiated by immunostaining, triton-extraction,
and AFM, in which application of GDNF resulted in increased
DSG2 at the cell border and augmented DSG2-mediated adhe-
sion. Furthermore, inflammation-induced loss of DSG2 at the cell
border was restored by GDNF in vivo and in vitro which result-
ed in increased cell-cell adhesion in dispase-based enterocyte
dissociation assays and augmented binding activities in AFM
measurements. In DSG2-deficient Caco2 cells, GDNF failed to
restore TNF-o-induced loss of cell-cell adhesion underlining
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the importance of DSG2 in this context. In summary, these data
not only show a novel target of GDNF-induced effects in entero-
cytes, but also support the growing evidence of the importance
of desmosomal integrity in maintaining the IEB in health and
disease (7, 35-38). The clinical evidence about the role of DSG2
demonstrates that patients with DSG2 mutations have a cardiac
phenotype known as arrhythmogenic right ventricular dysplasia/
cardiomyopathy (39). However, an intestinal phenotype in these
patients has not been described. An explanation for this may be
that DSG2 mediates tissue-specific signaling events in addition
to strengthening of intercellular adhesion. In cardiomyocytes,
DSG2 and the plaque protein Desmoplakin were shown to directly
regulate gap junctions so that mutations of both contribute to the
severe cardiac phenotype (40, 41). In enterocytes, DSG2 regulates
other signaling pathways including cell proliferation, cell death,
and tight junction integrity (7, 38, 42). These may be compensated
under basal conditions when DSG2 mutations are present, which
may explain the missing intestinal phenotype. This is supported by
previous data in mice that showed total loss of intestinal DSG2 led
to increased susceptibility in inflammation but was largely com-
pensated under basal conditions (8). This observation and the loss
of DSG2 in patients with IBD underline the relevance for DSG2
to maintain intestinal barrier integrity in inflammation (7, 8). It
has to be pointed out that tight junction proteins are also greatly
affected by inflammation as was also observed here in mice with
DSS-induced colitis, whereas E-cadherin was largely unaffected.
This demonstrates that enterocytes were present despite the pres-
ence of severe inflammation. In addition, this supports the view
that mechanical stabilization of intercellular adhesion by DSG2 is
anecessary prerequisite for stabilization of tight junctions.

P38 MAPK-dependent phosphorylation of intermediate filaments
induces loss of IEB in inflammation. Regulation of desmosomal
adhesion has been extensively investigated in the context of the
skin-blistering disease pemphigus in keratinocytes where autoan-
tibody-induced loss of desmoglein3-mediated (Dsg3-mediated)
adhesion results in activation of p38 MAPK and keratin filament
reorganization (9). Additionally, it was recently shown that adhe-
sive forces of Dsg3in keratinocytes are mediated by keratin-depen-
dent regulation of p38 MAPK (43). Our present data demonstrate
that p38 MAPK was activated in both UC and CD, which correlat-
ed with loss of DSG2. We detected loss of DSG2 in CD in our pre-
vious study (7), but it was not previously described for patients
with UC. The barrier destabilizing effect of p38 MAPK activated
in response to TNF-o in intestinal epithelium is also supported by
our previous study in which inflammatory stimuli induced strong
activation of p38 MAPK followed by loss of DSG2-mediated adhe-
sion (7), so that p38 MAPK activation appears to be detrimental
for intestinal barrier integrity. On the other hand, it was reported
that a proper balance of p38 MAPK activation is important since
activation of p38 MAPK was also required for barrier recovery fol-
lowing Ca?*-depletion in a cell culture model of enterocytes (20).
This emphasizes that the role of p38 MAPK in intestinal barrier
regulation is not completely understood.

Following p38 MAPK activation, we observed the phenome-
non of keratin retraction as has amply been described in kerati-
nocytes after stimulation with pemphigus autoantibodies directed
against Dsg3 which then led to internalization of Dsg3 (44). In the
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context of IBD, it was recognized earlier that patients with CD or
UC have missense mutations in keratin 8, which led to the assump-
tion that this may lead to augmented susceptibility in intestinal
epithelium (45). In support of this, it was shown that interleukin
6-dependent expression of keratin 8 protected the intestinal bar-
rier from inflammatory stimuli (46). Cytokeratin 8 phosphoryla-
tion at ser74 has previously been identified as a substrate for phos-
phorylation by p38 MAPK and it was observed that under certain
conditions of inflammation, increased keratin 8 phosphorylation
occurs, which was linked to increased susceptibility of the IEB by
unknown mechanisms (22). This hypothesis is now substantiated
by our present data where cytokeratin 8 and 18 phosphorylation
is indeed critically involved in the process of IEB regulation most
likely by affecting desmosomal integrity. In general, it is known
that phosphorylation of keratins changes the distribution of kera-
tins in the cell, alters its polymerization behavior, and is associated
with keratin granule formation (47, 48). Moreover, it was shown
in keratinocytes that keratins control intercellular desmosomal
adhesion, since desmosomes lacking anchorage to intermediate
filaments by adapter proteins undergo a more rapid endocytosis
with consecutive loss of intercellular adhesion (49). A compa-
rable mechanism can be assumed based on our present data in
enterocytes since phosphorylation of keratins led to retraction of
the peripheral keratin ring. This may reduce tethering of DSG2 to
the intermediate filaments with consecutive loss of desmosomal
adhesion and intestinal barrier function.

In summary, inflammation-induced cytokeratin phosphory-
lation by activation of p38 MAPK, which led to loss of DSG2 as
shown here in vitro, in vivo, and in the samples of patients suffer-
ing from IBD, points to a novel and important pathomechanism
for barrier dysregulation in CD and UC. As outlined above, this
observation relates to exacerbation of IBD or continued inflam-
matory activity though it does not explain elevated intestinal
permeability in patients with IBD. Nonetheless, GDNF-induced
inhibition of this pathway as outlined above not only provides
what we believe are novel insights into the role of GDNF in the
pathogenesis of barrier dysregulation in IBD, but also implies an
interesting potential for novel therapeutic options.

Methods

Test reagents. Recombinant human GDNF (PeproTech) and TNF-a
(Biomol) were used at 100 ng/ml (7, 16). The p38 MAPK inhibitor
$B202190 was used at 30 uM (Calbiochem) and anisomycin (Sig-
ma-Aldrich) was used at 60 pM to activate p38 MAPK (16).

Human tissue samples. Human tissue samples were obtained from
patients suffering from IBD with an indication for surgical resection.
Tissue samples from patients with CD (n = 9) derived from the termi-
nalileum. They were taken from the center of the inflamed parts of the
resection specimens and from the periphery where no inflammation
was seen. In patients with ulcerative pancolitis (n = 9) a sample of the
affected colon was taken. Since the whole colon was inflamed in these
patients, no uninflamed tissue was collected. Control tissue samples
(colon or terminal ileum) from patients not suffering from IBD derived
from patients that required right or left hemi-colectomy due to colon
carcinoma in which the surgical resection routinely involved a part
of the healthy small intestine or colon, respectively. Detailed patient
characteristics are presented in Table 1.
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For Western blot and ELISA analyses, samples of the mucosa and
whole gut wall were taken immediately after resection from each spec-
imen and then snap frozen in liquid nitrogen and processed. A second
part of the tissue samples was fixed in 4% paraformaldehyde, embed-
ded in paraffin, sectioned (1 pm), and immunostained as previously
described (7).

Cell culture. Caco2 cells (ATCC) were cultured in Eagle’s mini-
mum essential medium (EMEM; ATCC) supplemented with 50 U/ml
penicillin-G, 50 pg streptomycin, and 10% FCS (Biochrom). Cultures
were used for experiments when grown to confluent monolayers. For
experiments, cells were serum-starved for 24 hours. Mycoplasma con-
tamination was excluded prior the experiments.

Generation of CRISPR/Cas9-mediated gene knock out for DSG2
in Caco2 cells. sgRNAs for SpCas9-mediated genome editing were
designed using the Chopchop web-based sgRNA design tool (50). Two
oligos targeting exon 3 and exon 13 of human DSG2 were designed and
subcloned into 2 lentiviral vectors; sgRNA targeting exon 3 into pLen-
tiCRISPR v2 (gift from Feng Zhang, Addgene plasmid 52961; Broad
Institute of MIT and Harvard, Cambridge Center) and sgRNA tar-
geting exon 13 in pLKO5.sgRNA.EFS.GFP (gift from Benjamin Ebert,
Addgene plasmid 57822; Division of Hematology, Department of
Medicine, Brigham and Women’s Hospital, Harvard Medical School).
Lentiviral particles were produced using HEK293T cells utilizing a
second-generation lentiviral packaging system comprising pPAX and
pMD2 packaging plasmids. Caco2 cells were seeded in 6-well plates
and 24 hours later infected in the presence of polybrene, with viral
supernatant comprising both viral particles LKO-sgRNA-EFS GFP and
CrisprV2. Three days after infection, cells were selected with puromy-
cin (15 ug/ml) for 1 week with medium changes every 2 days. Puromy-
cin-positive clones were FACS sorted for GFP expression and reseed-
ed as single cells in a 24-well plate. Single clones were propagated and
loss of DSG2 was assessed in single clones by Western blot and qPCR
(Supplemental Table 1).

Transfection of Caco2 cells with RET siRNA. Human RET-spe-
cific siRNA oligo pools and nontarget controls were purchased from
Thermo Fisher Scientific (s11936) and Santa Cruz Biotechnology
(sc-37007). Lipofectamine (Invitrogen) was used as a transfection
reagent according to the manufacturer’s protocols. Briefly, cells were
transfected at 70% confluency and medium was exchanged after 24
hours. Experiments were conducted after 48 hours when a sufficient
knockdown was established (7).

Enteroids. IECs were isolated from human full-wall gut resections
(1 cm) from the terminal ileum of healthy control patients not suffer-
ing from IBD, as previously described (51). Villi were scraped off the
mucosa using a sterile glass slide. The remaining tissue was transferred
into a 50 ml falcon tube with 20 ml 4°C cold HBSS (Sigma-Aldrich),
vortexed for 5 seconds, and the supernatant discarded. After sever-
al washing steps to clear the supernatant of cell debris, the tissue was
incubated in 4°C cold 2 mM EDTA/HBSS solution (Sigma-Aldrich) for
30 minutes at 4°C under gentle rotation on a shaker. Subsequently, the
tissue was washed once in 20 ml HBSS by manually inverting the tube
5 times. The mucosa was transferred to a new tube with 10 ml HBSS
and manually shaken 5 times. This shaking procedure was repeated 4
times always using a new tube. Each cell fraction was checked for the
amount and size of crypts within small drops under the microscope.
The supernatants containing the most vital-appearing crypts were
pooled and centrifuged at 350¢ for 3 minutes at room temperature.
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Pellet was resuspended in 10 ml basal medium, DMEM-F12 Advanced
(Invitrogen) supplemented with N2, B27, antibiotic-antimycotic, 10
mM HEPES, 2 mM GlutaMAX-I (all from Invitrogen), 1 mM N-acetyl-
cysteine (Sigma-Aldrich), and the crypt number was estimated in a 10
ul drop by microscopy. Crypts were centrifuged in a nonstick 1.5-ml
tube at 350g for 3 minutes at room temperature and the supernatant
was removed. The tube with the cell pellet was placed on ice until fur-
ther use. The pellet was resuspended in 5000 crypts/ml cold Matrigel
(Corning). Drops of 50 pl per well were seeded in a 24-well plate and
incubated for 10-20 minutes until the Matrigel was well solidified. The
culture medium contained a mixture of 50% fresh basal medium and
50% Wnt3A-conditioned medium.

The following growth factors and inhibitors were added to the
culture medium: 500 ng/ml hR-Spondin 1, 100 ng/ml mNoggin, 50
ng/ml mEGF (all from PeproTech), 10 uM Y-27632 (ROCK inhibitor;
Tocris Bioscience, R&D Systems), 10 nM Gastrin ([Leul5]-Gastrin [
Sigma-Aldrich), 10 mM Nicotinamide (Sigma-Aldrich), 500 nM
A83-01 (Tocris Bioscience, R&D Systems), 10 pM SB202190 (Sigma-
Aldrich), and 500 nM LY2157299 (Axon MedChem). Intestinal epi-
thelial cells were expanded as enteroids for 3-4 weeks by adding 500 pl
of this medium per well. The medium was changed every second day.
Enteroids for this study were chosen from an existing cryo cell bank,
defrosted, cultured, and thereafter used for this study up to passage 30.

Animal experiments. After approval by the animal care committee
(Laboratory Animal Care and Use Committee of the District of Unter-
franken; AZ 2-272), experiments were performed on male C57BL/6]
mice (Janvier Labs). Animals were kept under conditions that com-
plied with the NIH Guide for the Care and Use of Laboratory Animals,
and studies were approved by the governments of Unterfranken and
Germany. Animals were kept on a standard diet and 12-hour day and
night cycles.

Experimental setup. We used DSS as a murine model for induction
of colitis. Eight-week-old male mice received 2.5% DSS in autoclaved
drinking water ad libitum. Mice were monitored daily to evaluate the
DAI, which included changes of body weight, stool consistency, and
presence of blood in the stool using hemoccult (Care Diagnostica).
The following scoring system was used to describe the stool quality
(52): normal stool consistency with negative hemoccult (0), soft stools
with positive hemoccult (1), very soft stools with traces of blood (2),
watery stools with visible rectal bleeding (3). Animals were random-
ized in 2 groups. GDNF-treated animals (1 = 9) received a solution of
100 pl 0.9% NacCl containing 5 pg/kg bodyweight of GDNF, whereas
DSS-alone animals (n = 9) received only 100 ul 0.9 % NaCl. Injections
were administered intraperitoneally and repeated every 24 hours.

Measurement of intestinal permeability and tissue harvesting. After
6 days, laparotomy was performed in anesthetized mice using isoflu-
rane (Forene; Abbott). The colon was mobilized and opened at the ile-
ocecal valve and at the upper rectum.

After flushing the colon with PBS at room temperature to remove
blood and stool, the colon was ligated at the cut ends without compro-
mising the blood supply. To determine intestinal permeability, 200 pl
of 4 kDa FITC dextran diluted in PBS (1 mg/ml) was injected into the
ligated colon. After 1 hour, blood from the inferior vena cava was taken
to measure the concentration of 4 kDa FITC dextran translocated from
the colonic lumen into the blood. The blood samples were centrifuged
at 17,094g for 10 minutes at 4°C, and the luminescence of the serum
was quantified by using Genios Pro Reader (Tecan). After blood collec-
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tion mice were euthanized by exsanguination, the colon was harvested,
and its length was measured.

The ligations of the colon were removed and the colon was cut
longitudinally into 2 pieces. One part was fixed in 4% paraformalde-
hyde embedded in paraffin and sectioned. Two blinded investigators
quantified the tissue inflammation in H&E-stained sections of the
colon using inflammation scoring (53) for extent of inflammatory
cell infiltration (none = 1, mucosal infiltration = 2, submucosal infil-
tration = 3, transmural infiltration = 4) and severity of epithelial dam-
age (no epithelial damage = 1, focal lesions = 2, multiple lesions =3,
extended ulcerations = 4), resulting in a total scoring range of 2 to 8
per mouse. The other half of the colon was lysed and homogenized
with a Tissue Lyzer (Qiagen) in a SDS lysis buffer and used for West-
ern blot analysis and quantification of GDNF concentrations using
GDNF ELISA (Promega).

GDNF ELISA. GDNF ELISA was performed according to the manu-
facturer’s protocol (Abnova; murine KA3041 and human KA0984). The
assay is an antibody sandwich ELISA in which 96-well plates are coated
with anti-GDNF monoclonal antibody, which binds soluble GDNF.

Immunostaining. Cultured cell monolayers were prepared for
immunostaining as previously described (16). Epithelial cells were
grown to confluence on coverslips. Human and animal tissue samples
and enteroids embedded in paraffin were sectioned in 1-um slices.
Immunostaining was performed after removal of paraffin as described
for epithelial monolayers (7). Then monolayers and tissue slides were
incubated at 4°C overnight using antibodies, as outlined in Supple-
mental Table 2. Representative experiments were photographed with
a fluorescence microscope BZ-9000 (BioRevo; Keyence) and a confo-
cal microscope (TCS SP2; Leica).

Western blot. For Western blot analyses, cells were grown on
6-well plates and homogenized in SDS lysis buffer containing 25 mM
HEPES, 2 mM EDTA, 25 mM NaF, and 1% SDS. To analyze human
enterocytes, the mucosa was mechanically dissected from the
underlying tissue immediately after the resection. Full-wall spec-
imens were used for analyses of the animal experiments. Human
specimens and distal murine colon were examined in SDS lysis buf-
fer using TissueLyzer (Qiagen).

SDS gel electrophoresis and blotting were carried out after nor-
malization of the protein amount using BCA assay (Thermo Fisher Sci-
entific), as previously described (16). Primary and secondary antibod-
ies were used as outlined in Supplemental Table 2 in 5% BSA and 0.1%
Tween. Bound immunoglobulins were visualized by the enhanced
chemiluminescence technique (Amersham).

Chemiluminescence signal detection and quantification were per-
formed by densitometry (ChemicDoc Touch Bio-Rad Laboratories).
Optical densities were quantified in each Western blot using Image Lab
(ChemicDoc Touch Bio-Rad Laboratories) for statistical evaluation.

Cell viability/apoptosis assays. CellTiter-Glo 2.0 assay (Prome-
ga; catalog G9241), a luminescence-based cell viability assay, was
used as previously described for measuring cell viability (54). In this
assay, the number of viable cells in culture is determined by quanti-
fication of the amount of ATP present. In another assay, cell viabil-
ity was determined by crystal violet (CV) staining (0.5% CV in 25%
methanol) as previously described (55). To detect the amount of
apoptosis, propidium iodide staining was carried out and the num-
ber of propidium iodide-positive cells/high power filed was quanti-
fied as previously described in detail (56).
Volume 129  Number?7
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Membrane protein extraction assay. Protein fractionation was car-
ried out using Mem-Per Plus Kit (Thermo Fisher Scientific). Cells
were harvested in growth media by scraping them from the bottom
with a cell scraper. After centrifugation at 8.05¢ for 5 minutes and
washing 3 times, cells were permeabilized with a permeabilization
buffer to release the cytosolic fraction. The cytosolic fraction was
separated by centrifugation at 24,371g for 15 minutes. The pellet con-
taining the membrane-associated proteins was then resuspended
in a solubilization buffer. The suspension was centrifuged another
time at 24,371g for 15 minutes to remove particulate material. Then
the cytosolic and membrane-associated supernatants were used for
Western blot analysis.

Atomic force microscopy. The approach of AFM force spectrosco-
py on living cells was previously described in detail (21). Cells were
grown on glass coverslips and treated with GDNF (100 ng/ml) 1 day
before confluence or with 4 mM EGTA for 30 minutes after finished
control measurements. For analysis of DSG2 interactions on the sur-
face of living cells, a Nanowizard III AFM (JPK Instruments) mounted
on an optical microscopy (Carl Zeiss) was used. The approach of AFM
force spectroscopy on living cells was previously described in detail
(21). Imaging and force measurements were performed in cell culture
medium using flexible Si,N, AFM cantilevers (MLCT Probes, Bruker)
coated with a flexible bifunctional polyethylene glycol linker (Gruber
Lab, Institute of Biophysics) and recombinant DSG2-Fc containing the
complete extracellular domain (ED) of DSG2, as outlined elsewhere
(57). At first, AFM topography images of 50 x 50 um and 128 x 128 pix-
els were created using a force curve-based imaging mode (QI-mode)
with a setpoint adjusted to 0.5 nN, a z-length of 1.5 um, and a pulling
speed of 50 um/s. For adhesion measurements, a small area of 2 x 5
um was selected and 1000 force distance curves were recorded for
each area using the force mapping mode with a relative setpoint of 0.5
nN, a z-length of 3 um, and a pulling speed 5 um/s. JPK data processing
software (JPK Instruments) was applied for processing AFM images
and analysis of force distance curves and Origin 9.1 (Originlab) was
used for peak fit analysis of measured unbinding force curves.

Dispase-based enterocyte dissociation assays. As previously described
(7), confluent cells in 24-well plates were exposed to the test reagents
as indicated below, washed with HBSS (Sigma-Aldrich) and incubated
with Dispase-II (Sigma-Aldrich) for 30 minutes to release the mono-
layer from the well bottom. Afterwards, the cell sheet was exposed to
shear stress by pipetting 5 times. Four fields of view were photographed
with BZ-9000 (BioRevo, Keyence) and numbers were quantified.

Measurements of transepithelial electrical resistance. To measure
transepithelial electrical resistance (TER) we used the ECIS Trans-
Filter Adapter for ECIS 1600R across cell monolayers (Applied Bio-
physics, Ibidi). Cells were seeded on 24-well transwell chambers and
measurement was started immediately. At confluency of monolayers,
cells were treated with or without mediators as indicated.

Measurement of FITC-dextran flux across monolayers of cultured
epithelial cells. As previously described (15), epithelial cells were seed-
ed on top of transwell chambers on 6-well plates (0.4 pm pore size;
Falcon) and grown to confluence. After rinsing with PBS, cells were
incubated with fresh DMEM without phenol red (MilliporeSigma)
containing 10 mg/ml FITC-dextran (4 kDa or 70 kDa) in the presence
or absence of different mediators. Paracellular flux was assessed by
taking 100-pl aliquots from the outer chamber over 2 hours of incuba-
tion. Fluorescence was measured using a Wallac Victor 2 fluorescence
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spectrophotometer (Tecan GENios Microplate Reader, MTX Lab Sys-
tems) with excitation and emission at 485 nm and 535 nm, respective-
ly. For all experimental conditions, permeability coefficients (P,) were
calculated as previously described (15).

Statistics. Statistical analysis was performed using Prism (Graph-
Pad Software). Data are mean * SE. Statistical significance was
assumed for Pless than 0.05. To check for normal distribution we used
either D’Agostino and Pearson normality test or Shapiro-Wilk test,
depending on the sample size. Parametric data were analyzed using
unpaired ¢ test or ordinary 1-way ANOVA followed by Bonferroni’s
correction. For nonparametric data we used the Mann Whitney U test
for paired experiments or the Kruskal-Wallis test followed by Dunn’s
test (ANOVA) for multiple experiments. The tests used for the individ-
ual experiments are indicated in the figure legends.

Human and animal study approval. Prior to surgery, all patients
gave written informed consent for inclusion in the study. Ethical
approval was given by the ethical board of the University of Wuerz-
burg (proposal numbers 113/13, 46/11, 42/16). Animal experiments
were carried out by the Animal Research: Reporting of In Vivo Exper-
iments (ARRIVE) guidelines. Animal care committee approval (Labo-
ratory Animal Care and Use Committee of the district of Unterfrank-
en; AZ 2-272) was obtained before experiments started.
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