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IFN-y drives inflammatory bowel disease pathogenesis
through VE-cadherin-directed vascular barrier
disruption
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Inflammatory bowel disease (IBD) is a chronic inflammatory disorder with rising incidence. Diseased tissues are heavily
vascularized. Surprisingly, the pathogenic impact of the vasculature in IBD and the underlying regulatory mechanisms
remain largely unknown. IFN-y is a major cytokine in IBD pathogenesis, but in the context of the disease, it is almost
exclusively its immune-modulatory and epithelial cell-directed functions that have been considered. Recent studies by our
group demonstrated that IFN-y also exerts potent effects on blood vessels. Based on these considerations, we analyzed the
vessel-directed pathogenic functions of IFN-y and found that it drives IBD pathogenesis through vascular barrier disruption.

Introduction
Inflammatory bowel disease (IBD), including the 2 major forms
Crohn’s disease and ulcerative colitis, represents chronic inflam-
matory disorders of the small and large intestine (1). Classically
considered as a disease of Westernized countries, the incidence of
IBD has started to rise worldwide at the turn of the 21st century (2).
IBD pathogenesis is closely associated with a loss of intestinal
epithelial barrier functions that can lead to excessive bacterial trans-
location, which might represent an initiating or early event in the
disease. The characteristic chronically relapsing intestinal inflam-
mation of IBD is thought to result from an exaggerated immune
response to the commensal microbiota. Cytokines, such as IFN-y,
are considered major drivers of this excessive immune response,
leading to massive leukocyte infiltration and mucosal damage (3-5).
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Specifically, we show that inhibition of the IFN-y response in vessels by endothelial-specific knockout of IFN-y receptor 2
ameliorates experimentally induced colitis in mice. IFN-y acts pathogenic by causing a breakdown of the vascular barrier
through disruption of the adherens junction protein VE-cadherin. Notably, intestinal vascular barrier dysfunction was also
confirmed in human IBD patients, supporting the clinical relevance of our findings. Treatment with imatinib restored
VE-cadherin/adherens junctions, inhibited vascular permeability, and significantly reduced colonic inflammation in
experimental colitis. Our findings inaugurate the pathogenic impact of IFN-y-mediated intestinal vessel activation in IBD
and open new avenues for vascular-directed treatment of this disease.

Only recently, it has been recognized that the intestinal vas-
cular endothelium represents a second important barrier in the
gut (6). Situated between the bloodstream and the epithelial bar-
rier, the intestinal vascular endothelium regulates blood supply,
nutrient transport, tissue fluid homeostasis, and immune cell
transmigration, while being nonpermissive to bacterial penetra-
tion (6-9). During IBD, inflammation has been shown to activate
angiogenesis (7, 10). In accord with this, increased levels of angio-
genic growth factors, including vascular endothelial growth factor
A (VEGF-A), placental growth factor (PGF), and platelet-derived
growth factor (PDGF), have been detected in the inflamed mucosa
and the blood of patients with active disease (7, 10-12). Howev-
er, experimental colitis models have provided conflicting results
on the contribution of angiogenesis to disease activity. Neutral-
ization of VEGF-A resulted in a decreased vessel density and
improvement of the disease in dextran sulfate sodium-induced
(DSS-induced) and 2,4,6-trinitrobenzene sulfonic acid-induced
(TNBS-induced) colitis (11, 13, 14). Deficiency of PGF was also
associated with reduced angiogenic activity but, in contrast,
failed to ameliorate colitis in the experimental models (15). These
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results indicate that other vascular-directed effects apart from
pure activation of angiogenesis may be related to IBD pathogen-
esis. In this framework it is of interest that the vasculature in the
inflamed intestine is described as tortuous, irregular, and heavily
disorganized and that sporadically the absence of pericytes, ves-
sel leakiness, or edema has been reported (7, 16, 17). Altogether,
the pathophysiological role of the vasculature and its regulation in
IBD remain poorly understood (7, 12). The concomitant presence
of different inflammatory mediators, which also exhibit pro- and
antiangiogenic activities, might disturb vascular homeostasis,
accounting for the disorganization of the intestinal vasculature
observed in IBD. The elucidation of the respective pathomech-
anisms could open new insights into the mechanisms of vessel-
dependent regulation of inflammation and provide new approach-
es for therapeutic intervention in IBD.

One of the most highly upregulated cytokines in IBD and
mouse models of intestinal inflammation is interferon-y (IFN-y)
(4, 18-25). During DSS-induced experimental colitis in mice,
robust IFN-y production in the gut has been observed. IFN-y*-
mice showed decreased DSS-induced inflammation, indicating an
indispensable role of this cytokine in colitis initiation, and estab-
lishing the DSS-colitis model as an appropriate model to study
IFN-y pathogenic effects (19, 24, 25). The pathophysiological role
of IFN-y in IBD has been attributed to its immune-modulatory or
epithelial effects (4, 24). However, studies from our laboratory and
others demonstrated that IFN-y also exerts potent activities on the
vasculature. In vitro, IFN-y exhibited antiangiogenic effects by
inhibiting proliferation, migration, invasion, and tube formation
of endothelial cells, while increasing the permeability of endothe-
lial cell monolayers (22, 26-30). Moreover, the activation of blood
vessels by IFN-y could be detected in human tissues by the expres-
sion of guanylate-binding protein 1 (GBP-1) in the inflamed mucosa
during IBD and in colorectal carcinoma (25, 31). In colorectal carci-
noma, tumor vessel activation by IFN-y was associated with intra-
tumoral angiostasis and improved prognosis of the patients (25,
31). Most interestingly, blockade of IFN-y by a specific antibody
resulted in increased vessel density and reduced vessel permeabil-
ity in a DSS-induced colitis mouse model (25). The latter supports
the pathogenetically relevant vessel-directed activities of IFN-y
in IBD. However, [FN-y is a pleiotropic cytokine, and inhibition of
IFN-y in DSS-colitis might affect multiple different activities of the
cytokine on various cell types (32). Therefore, in the present study,
we investigated the vascular-specific effects of IFN-y in vivo, their
contribution to the pathogenesis of IBD, and perspectives on the
vascular system as a novel target for treatment of this disease.

Results

Endothelial-specific inhibition of the IFN-y response ameliovates
DSS-induced colitis in mice. To analyze the impact of vessel-
directed effects of IFN-y in the pathogenesis of IBD, 2 different
endothelial cell-specific IFN-y receptor 2-knockout mouse mod-
els were generated. The first model (referred to as Ifngr2*5C) was
generated by cross-breeding of mice with floxed Ifngr2 alleles
and mice expressing the Cre recombinase under the control of
the promoter of angiopoietin receptor 2 (Ifugr2"# x Tie-2-Cre
mice; for genotype, see Supplemental Figure 1, A and B; supple-
mental material available online with this article; https://doi.
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org/10.1172/JCI124884DS1) (33). The second model (referred to
as Ifngr21t€) was based on an inducible gene knockout generated
by cross-breeding of Ifingr2”/ mice with mice expressing a tamoxi-
fen-inducible Cre recombinase driven by the cadherin 5 promoter
(synonym: vascular endothelial cadherin [VE-cadherin]) (Ifngr2?/
x Cdh5-CreERT2 mice (34); for genotype, see Supplemental Fig-
ure 1C). Littermates with floxed Ifngr2 alleles (Ifngr2'") were used
as controls in all experiments. Deletion of Ifigr2 in Ifngr2*F° mice
was confirmed at the mRNA level in isolated lung endothelial cells
(Supplemental Figure 2A). Since Tie2 is also expressed in hemato-
poietic cells during development (35), Ifingr2 was also downregu-
lated in isolated bone marrow cells (Supplemental Figure 2B). To
compensate for the inhibition of Ifigr2 expression in hematopoi-
etic cells, both Ifngr2*F¢ and control mice were subjected to bone
marrow transplantation with wild-type bone marrow cells before
the experiments to exchange the hematopoietic cells (Supplemen-
tal Figure 2, C and D). Phenotyping of common immune cell sub-
sets by flow cytometry revealed no impact of the Ifngr2 knockout
on the immune system of the mice at steady state (Supplemental
Figure 2E). Gene knockout in tamoxifen-treated Ifngr2“E¢ mice
was endothelial cell-specific and did not require further pro-
cessing. Endothelial cell-specific knockout of IFN-y receptor 2 in
Ifngr2*E€ and Ifngr2'4EC animals was confirmed by immunohisto-
chemical staining (Figure 1A). In order to exclude that the Tie-2-
Cre mouse model did lead to unintended recombination in nontar-
geted cell types, which may lead to a gene knockout in the whole
organism of the offspring (36), we confirmed that Ifngr2 expres-
sion was not compromised in the epithelial cells of the Ifngr2:t¢
mice used in this study (Supplemental Figure 3).

Subsequently acute colitis was induced by treatment of the
mice with 2.5% DSS, and the course of disease was monitored by
mini-endoscopy. Colitis severity was evaluated by an endoscopic
score based on thickening of the colon wall, changes in the nor-
mal vascular pattern, the presence of fibrin, mucosal granularity,
and stool consistency according to Becker et al. (37). Ifngr2E¢
and Ifngr2iE¢ mice showed a significantly lower endoscopic score
than control mice, indicating that inhibition of the vascular IFN-y
response ameliorates acute DSS-induced colitis (Figure 1B). More-
over, these results could be confirmed in a chronic colitis model
using Ifngr22E€ mice and 3 cycles of DSS treatment (Figure 1B, bot-
tom). In agreement with the reduced inflammation, colon length
was increased in the Ifngr225¢ and Ifngr2'4E¢ mice relative to the
control mice after DSS treatment, under conditions of both acute
and chronic colitis (Figure 1C). Furthermore, the tissue architec-
ture of the resected colon was less disrupted and showed fewer
signs of inflammation in Ifngr2*:¢ and Ifngr2“E¢ mice compared
with the controls (Figure 1D). Immunofluorescence staining of the
general lymphocytic marker CD45 and the macrophage marker
F4/80 exhibited a reduced immune cell infiltration into the colon-
ic tissue in Ifngr2*E¢ and Ifngr2'*"C mice after acute and chronic
DSS treatment compared with the control group (Figure 2, A and
B). Identical results were obtained by staining with the T cell
marker CD4 (Supplemental Figure 4). Altogether, these results
demonstrate that the vascular-directed effects of IFN-y are crucial
drivers of DSS-induced experimental colitis.

IFN-y exerts angiostatic activities during DSS-induced colitis.
Previous studies have shown that IFN-y can inhibit angiogenesis
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in vitro (28-30). We confirmed the antiangiogenic effects of IFN-y
under flow conditions using a microfluidic 3D coculture model of
human umbilical vein endothelial cells (HUVECs) and fibroblasts
(38, 39). IFN-y treatment significantly reduced endothelial cell
sprout length and thickness (Figure 3A).

In order to determine whether IFN-y is also able to inhib-
it angiogenesis in complex murine cell culture models, the
metatarsal sprouting assay was used (40). Metatarsal bones
from both Ifngr2E¢ and control embryos were isolated at ges-
tational day 18.5, put in culture, and stimulated with VEGF-A to
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induce vessel sprouting (Figure 3B). IFN-y completely inhibit-
ed VEGF-A-induced angiogenic sprouting in metatarsal bones
of control animals but not of Ifngr2**¢ animals, confirming the
angiostatic role of IFN-y in mice (Figure 3B). Next, the influence
of IFN-y on angiogenesis in vivo during acute colitis was exam-
ined by immunofluorescence staining of the endothelial cell
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Figure 2. Endothelial-specific inhibition of

the IFN-y response suppresses immune cell
infiltration during DSS-induced colitis in mice.
Mice with an endothelial cell-specific knockout

of IFN-y receptor 2 (Ifngr24€S; Ifngr24¥%) and mice
with floxed Ifngr2 alleles (Control) were compared.
Colitis was induced by addition of 2.5% DSS to

the drinking water for either 1 cycle (acute colitis)
or 3 cycles (chronic colitis). Colonic immune cell
infiltration was determined by immunofluores-
cence staining of CD45 (green) (A) and F4/80 (red)
(B). Nuclei were stained with DRAQS5 (blue). Arrows
indicate examples for CD45* or F4/80* cells (left
panels). Scale bars: 50 pm. Quantitative evalua-
tions are shown on the right side of each panel,
including the pooled results from 2 independent
experiments (in the acute DSS-colitis model, 11
Ifngr22E¢ mice were compared with 9 control mice
and 5 Ifngr2'4E¢ mice with 3 control mice; in the
chronic colitis model, 4 Ifngr22€ mice were com-
pared with 5 control mice). Representative pictures
are shown. Data are expressed as box-and-whisker
plots. Horizontal bars indicate the median, box
borders indicate the 25th and 75th percentiles,

and whiskers indicate minimum and maximum
values. Mann-Whitney U test (A and B) was used
to determine statistical significance (***P < 0.001,
****p < 0.0001).

marker CD31 and the proliferation marker Ki-67 (Figure 3C).
During DSS-induced colitis, vessel density and vessel prolifer-
ation rates were significantly increased in colon tissues of Ifn-
gr2*E¢ mice relative to control mice. These results demonstrate
that inflammation-induced angiogenesis is repressed by IFN-y
in DSS-induced experimental colitis.
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Figure 3. IFN-y exerts angiostatic effects in vitro, ex
vivo, and in vivo. (A) In vitro angiogenesis on a 3D
microfluidic chip using HUVEC and fibroblast cocultures.
Representative pictures are shown. IFN-y significantly
reduced angiogenic sprout length and thickness. Scale
bar: 300 um. Quantification included control (n = 9) and
IFN-y-treated (100 U/mL) chips (n = 6) with 15 sprouts

analyzed per chip. (B) Metatarsals of 18.5-day-old mouse
embryos after 10 days of cultivation. Ex vivo vessel out-
growth was visualized by immunofluorescence staining
(CD31, green). Vessel outgrowth stimulated by VEGF-A
(100 ng/mL) was completely inhibited by IFN-y (100 U/
mL) in control but not in Ifngr22E mice. One represen-
tative picture of 5 experiments is shown. Scale bar: 500
um. (C) Representative images of colon tissue from

IFN-y
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IFN-y control and Ifngr2f mice with DSS-colitis double-stained

for CD31 (green) and Ki-67 (pink). Counterstaining was
performed with DRAQS (blue). The arrow indicates

an example of a nonproliferating vessel, whereas the
arrowhead points to a proliferating vessel. Scale bar: 50
um. Vessel number (CD31* with lumen) was counted in
10 regions per section (n = 9 control mice; n = 10 Ifngr22&¢
mice). Ki-67* vessels were counted as angiogenic vessels,
and 162 vessels per group were analyzed in total (n =9
control mice; n = 9 Ifngr22€¢ mice). Quantification includ-
ed pooled results from 2 independent experiments (right
panels). Data are expressed as box-and-whisker plots
(horizontal bars, median; box borders, 25th and 75th
percentiles; whiskers, minimum and maximum values)
(A) or as means + SD (C). Two-tailed, unpaired Student’s
t test (A, length; C, vessel number) and Mann-Whitney

U test (A, thickness; C, vessel proliferation) were used

to determine statistical significance (**P < 0.01, ***P <
0.001, ****P < 0.0001).
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Angiogenesis is not related to the pathogenesis of DSS-induced
colitis in mice. During DSS-induced colitis in Ifngr2*¥° mice, dis-
ease activity was reduced, and angiogenic activity was increased in
comparison with control animals, suggesting that the course of IBD
pathogenesis might be inversely related to the angiogenic activity.
To further investigate the relation of angiogenesis and IBD patho-
genesis, we compared the course of DSS-colitis under conditions

Ifngr22&c

of angiogenesis inhibition (control mice treated with the VEGF-A-
neutralizing antibody B20-4.1.1) (41, 42) and angiogenesis activa-
tion (Ifngr2*E¢ mice receiving an isotype antibody). Control mice
receiving an isotype antibody were included as a further control.
Functional validation of the antibodies in vitro showed that the
anti-VEGF-A but not the isotype antibody inhibited VEGF-A-
induced proliferation of primary mouse intestinal endothelial cells
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(MIECs) (Supplemental Figure 5A). In accordance with this, vessel
density and vessel proliferation in the DSS-induced colitis model
were lowest in the colon of animals treated with the anti-VEGF-A
antibody and highest in the Ifngr2**¢ mice treated with the isotype
antibody (Figure 4A and Supplemental Figure 5B). In unchallenged
Ifngr2*E¢ and control mice, colon vessel density and proliferation
were equally low (Supplemental Figure 5C).

However, unrelated to angiogenic activity, DSS-induced colitis
was significantly reduced in both control mice with anti-VEGF-A
treatment and Ifngr2*E¢ mice treated with the isotype antibody,
but remained high in control mice treated with the isotype anti-
body (Figure 4, B-D). This was based on endoscopic evaluation
of inflammation (Figure 4B), colon length measurement (Fig-
ure 4C), and histologic analysis of the crypt architecture (Figure
4D). Accordingly, reduced lymphocytic cell infiltration (CD45%)
into colonic tissue was observed for control mice treated with the
anti-VEGF-A antibody and Ifngr2*F¢ mice treated with the isotype
antibody (Figure 4E). These results demonstrate that the course of
IBD pathogenesis was not related to angiogenesis and may depend
on other functions of IFN-y-induced vessel activation.

The intestinal vasculature is characterized by IFN-y-mediated
barrier dysfunction in experimental colitis in mice and human IBD
patients. The results presented so far suggest that vascular effects
of IFN-y — other than its angiostatic functions — are involved in
IBD pathogenesis. As previous studies have indicated that IFN-y
increases vessel permeability (22, 25, 26), the pathogenesis-
related impact of IFN-y on the intestinal vascular barrier function
was investigated. To achieve this, we performed intravital imag-
ing of the vessels in colon crypts. The intestinal vasculature was
visualized by detection of 70-kDa FITC-dextran injected i.v. into
Ifngr22EC, Ifngr2*EC, and control mice undergoing acute DSS-
induced colitis and Ifngr2**¢ with chronic DSS-induced colitis.
The accumulation of FITC-dextran in the lumen of intestinal
crypts indicated vessel permeability. Relative permeability was
calculated as the ratio of FITC signal inside the crypts over the
total FITC signal. Applying this measurement, vessel permeabil-
ity was found to be decreased in all Ifingr2-knockout mice, in both
acute and chronic disease, as compared with control mice (Fig-
ure 5, A-C). Notably, vascular permeability was also significantly
decreased in control mice treated with the VEGF-A-neutralizing
antibody (Figure 5D) but was not compromised in unchallenged
Ifngr2*E€ and control mice (Supplemental Figure 6A). Since both
the deletion of IFN-y receptor 2 and anti-VEGF-A treatment
resulted in a milder course of the disease in mice (Figure 4, B-E),
we reasoned that the vascular barrier integrity was functionally
linked to the pathogenesis of DSS-induced experimental colitis.

To investigate whether differential barrier integrity can also
be confirmed at the low-molecular weight level, cadaverine (0.86
kDa) was used as an additional fluorescent permeant and ana-
lyzed by light-sheet microscopy (Supplemental Figure 6B). The
vasculature was contrasted with lectin staining. Calculating the
ratio of cadaverine fluorescence intensity detected outside the
vessels over the total cadaverine signal confirmed that Ifngr24¥¢
and control mice also exhibited differential vascular barrier integ-
rity in acute DSS-colitis at the low-molecular weight level (Supple-
mental Figure 6B; for 3D visualization, see Supplemental Figure 7
and its accompanying video). Taken together, these data show that
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IFN-y impairs the vascular barrier function in vivo during DSS-
induced colitis in a pathogenesis-associated manner.

Next, we assessed the clinical relevance of our finding.
Intestinal vascular leakage was analyzed by probe-based confo-
cal laser endomicroscopy (pCLE) after fluorescein infusion in a
cohort of 15 IBD patients either in remission (n =7) or in an active
disease state (1 = 8). As a control, patients without IBD undergo-
ing confocal endoscopy for other diagnostic reasons were used
(n = 3; for clinical patients’ characteristics, see Supplemental
Table 1). In striking analogy to the mouse models, increased per-
meability of the human colonic vessels led to extravasation and
detection of the fluorescein signal in the intestinal crypts (Figure
5E). The calculated ratio of fluorescein signal inside the crypts
over the total fluorescein signal was used as a relative measure of
vascular leakage. Vessel permeability was significantly increased
in IBD patients with active disease relative to patients in disease
remission or control persons without IBD (Figure 5E). Collec-
tively, these data confirm the pathogenic importance of vascular
leakiness in IBD.

IFN-y compromises mural cell coverage and VE-cadherin-medi-
ated cell-cell interactions during colitis-associated vascular barrier
breakdown. The key components of vascular barrier integrity are
vessel maturation, as indicated by mural cell coverage of vessels,
and endothelial cell-cell interactions (43-46). To investigate the
impact of the vascular IFN-y response on differential mural cell
coverage of vessels in DSS-induced colitis, costaining of CD31 and
a-smooth muscle actin (a-SMA) or PDGF receptor-f (PDGFR-f)
was performed in resected colon tissues of Ifngr2*E¢ and con-
trol mice. We observed a general upregulation of the expression
of PDGFR-B in many different cells (most likely fibroblasts) in
inflamed tissues as compared with noninflamed tissues (Supple-
mental Figure 8). Accordingly, it was difficult to determine wheth-
er vessel-associated expression was derived from pericytes or
other cells in close proximity, and we focused on o-SMA for the
detection of mural cells. Quantitative analyses of a-SMA-derived
results demonstrated high mural cell coverage in 57% of vessels
from Ifngr2*F¢ mice but in only 30% of vessels from control mice
with DSS-induced colitis (Figure 6A, black area).

Endothelial cell-cell interactions critically depend on adherens
junction VE-cadherin. VE-cadherin extracellular domains exposed
on the surface of adjacent endothelial cells form homodimeric
interactions leading to the tight connection of the cell membranes
(43). Loss of VE-cadherin integrity is commonly associated with
increased vascular permeability (47). We investigated whether
VE-cadherin might also be impaired during IFN-y-induced vascu-
lar leakiness in DSS-induced colitis. Two-photon microscopy was
used to visualize mouse colon vasculature (CD31 immunofluores-
cence staining) and VE-cadherin in high-resolution 3D imaging.
VE-cadherin was stained with an antibody recognizing its extracel-
lular domain to specifically detect parts of the molecule involved
in cell-cell contacts. Control mice with acute DSS-induced colitis
showed an irregular and tortuous vascular network associated with
aloss of VE-cadherin integrity at cell-cell junctions (Figure 6B). On
the contrary, Ifngr2**¢ mice displayed a regular vascular network
associated with continuous VE-cadherin structures. Accordingly,
colocalization of VE-cadherin with CD31 was significantly reduced
by roughly 40% in control mice as compared with Ifngr2*F¢ mice
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Figure 4. Angiogenesis is not related to the pathogenesis of DSS-induced colitis in mice. During DSS-colitis, control mice were injected either with a
monoclonal antibody (B20-4.11, 150 ug/mouse) blocking the interaction of VEGF-A with VEGF receptors 1and 2 (aVEGF; n = 8) or with an isotype antibody
(150 pg/mouse, n = 9) and were compared with Ifngr22€¢ mice receiving the isotype antibody (n = 9). (A) Vessel number (CD31, green) was counted in 10
regions per colon tissue section. Arrows indicate CD31* vessels with lumen. Scale bar: 50 um. (B-D) Colitis grade was evaluated by endoscopic score (B),
colon length (C), histologic presentation after H&E staining (scale bar: 100 pm) (D), and CD45 immune cell infiltration (green, arrows), analyzed in 5 regions
per colon tissue section (scale bar: 50 um) (E). Representative pictures are shown. Quantitative evaluations are shown on the right side of the respective
panels, including the pooled results from 2 independent experiments. Graphs present means + SD (A-C) or box-and-whisker plots, where horizontal bars
indicate the median, box borders indicate the 25th and 75th percentiles, and whiskers indicate minimum and maximum values (E). One-way ANOVA
followed by Tukey's post hoc test (A, B, and E) and Kruskal-Wallis test followed by Dunn’s post hoc test (C) were used to determine statistical significance
(*P < 0.05, **P < 0.01, ****P < 0.0001). Genotypes of respective mice are shown in Supplemental Figure 1D.

with DSS-induced colitis (Figure 6B; for 3D visualization, see Sup-
plemental Figure 9 and its accompanying video).

As intestinal vessels of human IBD patients have been
described to exhibit irregular and tortuous structures (16, 17), we
investigated whether this might also be associated with a loss of
VE-cadherin integrity. The quantitative evaluation of VE-cadherin

colocalization with vessels from highly inflamed regions and cor-
responding uninvolved tissues of human IBD patients showed that
vessels without membrane VE-cadherin expression are more com-
mon in the inflamed tissues compared with uninvolved tissues (Fig-
ure 6C, light gray areas of bars; patients’ characteristics are listed
in Supplemental Table 2). These results indicate that VE-cadherin
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Figure 5. The intestinal vasculature is characterized by IFN-y-mediated barrier dysfunction in murine DSS-induced colitis and human IBD. (A-D) Sev-
enty-kDa FITC-dextran (10 mg/mL) was injected i.v. in mice with acute and chronic DSS-colitis. Accumulation in intestinal crypts (arrows) indicates vessel
permeability, calculated as the ratio of FITC signal inside the crypts over the total FITC signal. Vessel permeability was reduced in Ifngr22¢¢ (n = 4) (A) and
Ifngr22€¢ (n = 7) mice (B) compared with control mice (n = 4 and 7, respectively) during acute (A and B) and chronic colitis (C; 4 Ifngr2*€ vs. 5 control). For
guantitative evaluation, 10-12 crypts were analyzed per mouse. Scale bars: 50 um. (B) Control mice with aVEGF treatment (150 pg/mouse, n = 8) and
Ifngr2*€¢ mice (n = 8) showed reduced vascular permeability in contrast to control mice treated with isotype antibody (150 ug/mouse, n = 7). Scale bar: 50
um. For quantitative evaluation, 10 crypts per mouse were analyzed. Pooled results from 2 independent experiments are shown. (E) Human IBD patients
with active disease (n = 8) or remission (n = 7) or control patients without IBD (n = 3) underwent pCLE. Fluorescein accumulation in intestinal crypts
(arrows) indicates vessel permeability, calculated as the ratio of fluorescein signal inside the crypts over total fluorescein signal. Vessel permeability was
increased in active disease (10 crypts per patient). Scale bar: 20 um. Representative pictures are shown. Quantitative evaluations (right side of each panel)
are shown as box-and-whisker plots (horizontal bars, median; box borders, 25th and 75th percentiles; whiskers, minimum and maximum values; A-D) or
means + SD (E). Mann-Whitney U test (A-C), Kruskal-Wallis test followed by Dunn’s post hoc test (D), and 1-way ANOVA followed by Tukey's post hoc test
(D) were used to determine statistical significance (***P < 0.001, ****P < 0.0001).

4698 jei.org  Volume129  Number1l  November 2019


https://www.jci.org
https://www.jci.org
https://www.jci.org/129/11

The Journal of Clinical Investigation RESEARCH ARTICLE

Control Ifngr22€c Ekkx

Il High
[ Moderate
[ Negative/weak

-
o
o

a-SMA/CD31/DRAQ5 3>
Vessel coverage with
a-SMA* cells (%)
n
o

B CD31 VE-cadherin
4
;
S :
z H S — 200
3 1 &2 —x*
e d S < 150
H $.8
g L S 100
=g
g N - 5 50
By [m o]
< O © 0
- ’, O
g > © &
N % & &
U) \\
(=
=
C CD31 VE-cadherin
1)
£
D
QL
;g *kkk  High
@ £3 [ Moderate
g o< [ Negative/weak
= o £
< ® O
°®
w N
2'®
- O
]
[m o)
O (]

Uninvolved intestine

Human IBD patient

Figure 6. IFN-y compromises mural cell coverage and VE-cadherin-mediated cell-cell interactions during DSS-induced colitis and human IBD. (A)
Costaining of a-SMA (red) and CD31 (green) in colon tissue of Ifngr24¢ (n = 11, in total 783 vessels) and control mice (n = 9, in total 827 vessels) with
DSS-colitis (pooled results from 2 independent experiments). Mural cell coverage (a-SMA*) was categorized as negative/weak (arrowheads), moderate, or
high (arrows). Scale bar: 25 um. (B) VE-cadherin (green) colocalization with colonic vessels (CD31, red) of Ifngr22€¢ and control mice with DSS-colitis (n =3
each) visualized by 2-photon microscopy. The mean colocalization of Ifngr22€ mice was set to 100%. Data are expressed as box-and-whisker plots. Hori-
zontal bars indicate the median, box borders indicate the 25th and 75th percentiles, and whiskers indicate minimum and maximum values. Scale bar: 25
um. (€) Human IBD and corresponding uninvolved intestinal tissues (n = 11; 487 vessels in inflamed and 333 vessels in uninvolved regions) were stained for
CD31 (red) and VE-cadherin (green). Vessel colocalization with VE-cadherin was categorized as negative/weak, moderate, or high. VL, vessel lumen. Scale
bar: 50 um. (A and C) Nuclei stained by DRAQS (blue). y? test (A and C) and 2-tailed, unpaired Student’s t test (B) were used (**P < 0.01, ****P < 0.0001).

expression and function are impaired in acute inflammation in  acterized by the disassembly of membrane VE-cadherin struc-
IBD, supporting the clinical relevance of our findings. tures at cell-cell contacts in comparison with untreated cells,

The direct impact of IFN-y on VE-cadherin was investigated ~ which exhibited continuous membrane-associated VE-cadherin
with HUVECs in the microfluidic 3D vasculogenesis chip in vitro ~ staining at cell-cell contact areas (Figure 7A). These results were
model (38, 39). Vascular networks treated with IFN-y were char- confirmed with MIECs under static conditions. While untreated
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MIECs exhibited a linear VE-cadherin pattern at the membrane,
IFN-y-treated cells lacked membranous VE-cadherin and were
characterized by perinuclear aggregations of VE-cadherin (Fig-
ure 7B, asterisks). VEGF-A, which is known to disrupt the VE-
cadherin membrane pattern and to increase internalization (48),
was used as a control. VEGF-A interrupted VE-cadherin localiza-
tion at the membrane and induced internalization of VE-cadherin
(Figure 7B, asterisks), but this was less prominent than seen
with IFN-y. Combined treatment of MIECs with both IFN-y and
VEGF-A resulted in almost complete VE-cadherin disruption at
the membrane (Figure 7B).

Previous studies suggested that mechanisms modulating the
organization of junctions, for example through their internaliza-
tion, specifically target VE-cadherin (49). Therefore, we investi-
gated the expression and localization of the tight junction protein
zonula occludens-1 (ZO-1) (45) to determine whether the IFN-y
effects are specific for the adherens junction or also affect tight
junction proteins. In MIECs treated with IFN-y, cell membrane-
associated distribution of VE-cadherin was disrupted, whereas
Z0-1was still associated with the cell membrane in the same cells
(Figure 7C). This suggested that adherens junctions with VE-cad-
herin are the specific target of barrier-directed activities of IFN-y.

To assess whether the loss of VE-cadherin junctions is suffi-
cient to increase endothelial permeability, Transwell permeability
studies were carried out with MIECs using FITC-dextran as per-
meant. An anti-VE-cadherin antibody (mAbBV13), which binds
to the extracellular domain of VE-cadherin and blocks homotypic
adhesion and clustering at cell-cell contacts, was used to impair
VE-cadherin functions (47, 49). The BV13 antibody efficiently
blocked VE-cadherin clustering at cell-cell contacts, as shown by
immunofluorescence staining of VE-cadherin (Figure 7D). Tran-
swell permeability analyses confirmed that treatment with the
BV13 antibody increased the permeability of MIEC monolayers
as compared with cells treated with an isotype antibody or left
untreated (Figure 7E). Altogether, these results demonstrate that
impairment of VE-cadherin is sufficient to explain IFN-y-associ-
ated defects of the vascular barrier.

Treatment with imatinib restores vascular barrier function and
reduces DSS-induced inflammation. Imatinib is a protein tyrosine
kinase inhibitor that is commonly applied as an anticancer med-
ication, especially for chronic myelogenous leukemia, acute lym-
phocytic leukemia, and certain types of gastrointestinal stromal
tumors (50). Interestingly, it was shown that imatinib regulates
the endothelial barrier and restores VE-cadherin junctions in cells
after thrombin stimulation (51-53). Our findings on the pathogen-
ic relevance of vascular permeability in IBD pathogenesis suggest
that imatinib might be a potential drug for treatment of the dis-
ease. Transwell permeability analyses confirmed that imatinib is
able to inhibit IFN-y-induced permeability in MIECs (Figure 8A).
Immunofluorescence staining of VE-cadherin confirmed that
imatinib restores VE-cadherin localization at cell-cell contacts in
IFN-y-treated MIECs (Figure 8B, arrows).

In order to substantiate the use of imatinib as a potential drug
for the treatment of IBD, we investigated whether it inhibits vessel
permeability and disease activity in the DSS-induced colitis mouse
model. To achieve this, control and Ifngr22*¢ mice were treated
with either imatinib or PBS during DSS-induced colitis. In vivo
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analysis of colon vascular leakage with i.v. injection of FITC-dex-
tran showed that imatinib reduces vascular permeability during
DSS-colitis in control mice to levels similar to those observed in
Ifngr2*E€ mice (Figure 8C). This correlated with a milder colon-
ic inflammation in the imatinib-treated control mice, as shown
by the endoscopic score, colon length, and crypt architecture,
in comparison with control mice receiving PBS only (Figure 8,
D-F). Treatment with imatinib showed no additive effect with the
Ifngr2 knockout on the course of DSS-induced colitis (Figure 8,
C-F), suggesting that imatinib and the endothelial cell-specific
Ifngr2 knockout both target vascular permeability.

Discussion

This study shows that a dysfunction of the vascular barrier is an
important pathomechanism in IBD. Specifically, we demonstrat-
ed that the IBD-associated cytokine IFN-y causes a breakdown
of the vascular barrier through disruption of the adherens junc-
tion protein VE-cadherin and that this is a crucial driver of DSS-
induced experimental colitis. Disease-associated vascular barri-
er dysfunction was confirmed in human IBD patients, supporting
the clinical relevance of our findings. Treatment with imatinib
restored adherens junctions, inhibited vascular permeability, and
significantly reduced colonic inflammation in experimental coli-
tis. Altogether, these results highlight the pathogenic impact of
IFN-y-mediated intestinal vessel activation in IBD and open new
avenues for vascular-directed treatment of this disease (for graph-
ical summary, see Figure 9).

A hallmark of IBD is the extensive release of cytokines (4,
54). Among them, IFN-y plays a key role, as it is one of the most
highly upregulated cytokines in both Crohn’s disease (CD) and
ulcerative colitis (UC), as well as in the related mouse models
(4, 18-25). In agreement with this, IFN-y belongs to genetically
defined risk loci in IBD (55).

The majority of studies analyzing the role of IFN-y in IBD
pathogenesis focused on its effects on immune or epithelial cells
(4, 24). However, our previous observations indicated that IFN-y
may also exert significant blood vessel-directed pathogenic func-
tions in IBD (25). Analyzing the specific vascular impact in detail,
we showed here that mice lacking the IFN-y receptor in endothe-
lial cells have a significantly milder course of acute and chronic
forms of DSS-induced colitis. This demonstrates that the vascular
effects of IFN-y are a key component in the pathogenesis of colitis.

IFN-y exerts angiostatic activity in colorectal carcinoma (27,
31), and IFN-y-dependent angiostatic activity could be confirmed
here in the DSS-induced experimental colitis model. Ifngr24E¢
mice displayed increased angiogenic activity in intestinal vessels
as compared with wild-type controls. However, this was in contrast
to reports indicating that angiogenesis fosters inflammation and
IBD (7, 10). To solve this contradiction, we specifically analyzed
the role of angiogenesis by comparing DSS-colitis in mice with
either blockade of VEGF-A activity, which reduced angiogenesis,
or knockout of the endothelial cell-specific IFN-y response, which
increased angiogenesis. In agreement with previous studies,
anti-VEGF-A treatment decreased vessel density and improved
the course of disease (11, 13, 14). However, the endothelial cell-
specific IFN-y receptor knockout also decreased intestinal inflam-
mation, while increasing angiogenesis. These findings indicate
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that the regulation of angiogenesis is not the responsible patho-
genic function of vessel-directed IFN-vy activity in IBD. This is sup-
ported by another study that showed that inhibition of angiogene-
sis by PGF knockout failed to ameliorate DSS-induced colitis (15),
thus diminishing the role of angiogenesis in colitis promotion.
Interestingly, both anti-VEGF-A-treated control mice and
Ifngr2*f¢ mice with DSS-induced colitis exhibited significantly
reduced vessel permeability, indicating that the impact of IFN-y
on the vascular barrier might be the driving force of its patho-
genic effect. This is supported by our previous finding that over-
all blockade of IFN-y in DSS-colitis inhibited vessel permeability
(25), as well as by studies that have revealed an inducing effect of

Figure 7. IFN-y-induced disturbances

of VE-cadherin-mediated cell-cell
interactions are sufficient to increase
vascular permeability in endothelial
cells in culture. (A and B) VE-cadherin
(green) localization at cell-cell contacts

in a microfluidic, vasculogenic network

of HUVECSs (A; untreated, n = 12; IFN-y-
treated [100 U/mL], n = 6; scale bar: 30
um) or in static MIECs (B; IFN-y, 100 U/
mL; VEGF-A, 30 ng/mL; scale bar: 25

um). (€) MIECs stained for VE-cadherin
(green) and Z0-1 (red) in the absence and
presence of IFN-y (100 U/mL). Scale bar:
25 um. (D) VE-cadherin staining (green) in
BV13-treated (50 pg/mL) or isotype-
treated (50 pg/mL) MIECs. Scale bar:

25 um. (E) In vitro permeability assay of
MIECs after VE-cadherin blockade with
BV13 (normalized to untreated cells). Data
are expressed as box-and-whisker plots.
Horizontal bars indicate the median,

box borders indicate the 25th and 75th
percentiles, and whiskers indicate mini-
mum and maximum values. (A-D) Nuclei
stained by DRAQS (blue). Arrows indicate
linear VE-cadherin and/or Z0-1 pattern

at cell-cell contacts; asterisks display
internalization. (A-E) One representative
experiment of 3 independent experiments
is depicted. One-way ANOVA with Tukey's
post hoc test (E) was used (**P < 0.01).

IFN-y on endothelial cell permeability in vitro (22, 26). The clini-
cal relevance of our hypothesis was supported by pCLE, showing
that human IBD patients with active disease exhibit an increased
vascular permeability compared with patients in remission or
without IBD. Two studies further support our findings, as they
showed increased vessel permeability in the colonic mucosa of
IBD patients (16, 17). However, these studies did not analyze ves-
sel permeability in relation to disease severity.

Multiple mechanisms have to be considered that might reg-
ulate IFN-y-induced vessel permeability. Vascular permeability
is dependent on (a) organ-specific functions of endothelial cells,
including the lack or presence of fenestrations, which is not rele-
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A B Untreated Imatinib Figure 8. Treatment with imatinib restores
300 - kol - vascular barrier function and reduces
DSS-induced inflammation. (A) Imatinib
(0.01 pg/mL) reduced IFN-y-induced (100
U/mL) endothelial cell (MIEC) permeability
in vitro; values are normalized to untreated
cells. (B) Immunofluorescence staining of
VE-cadherin (green), counterstained by
DRAQS (blue), in MIECs treated with IFN-y
(100 U/mL), imatinib (0.01 ug/mL) plus
IFN-y, or imatinib alone or left untreated.
Arrows indicate linear VE-cadherin pattern
at cell-cell contacts; asterisks mark inter-
nalization. Scale bar: 25 um. (C-F) Control
mice received imatinib (n = 11) orally daily
during the course of DSS-colitis or PBS only
(n =10) and were compared with Ifngr24€
mice receiving the same treatment (n = 3,
imatinib; n = 4, PBS). (C) In vivo permeabil-
D Control + PBS Control + imatinib ity of colonic vessels was assessed by i.v.
injection of 70-kDa FITC-dextran (10 mg/
mL). Accumulation in intestinal crypts
(arrows) indicates vessel permeability,
calculated as the ratio of FITC signal inside
the crypts over the total FITC signal in
percent (10 crypts per mouse). Scale bar:
50 um. Treatment with imatinib reduced
the severity of DSS-colitis in control mice
evaluated by endoscopy (D), colon length
(E), and histologic examination by H&E
staining (F; scale bar: 100 um). (A and B)
One representative of 3 independent exper-
iments is depicted. Quantitative evalua-
tions are shown as box-and-whisker plots
(A and C) (horizontal bars, median; box bor-
ders, 25th and 75th percentiles; whiskers,
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vant to our study focusing on intestinal vessels (56, 57); (b) vessel
maturation and concomitant coverage with mural cells (44, 46,
58); and (c) endothelial cell-cell interactions (45, 59). Interesting-
ly, mural cell coverage of colon vessels was significantly increased
in the DSS-induced colitis model when the vasculature could not
respond to IFN-y. Thus, reduced vessel maturation in the presence
of IFN-y might contribute to increased vessel permeability in IBD.
Notably, vessel maturation is critically dependent on and might
change with integrity variations of the endothelial layer. Accord-
ingly, the molecular regulation of endothelial cell-cell contacts
might represent the causative mechanism of the IFN-y-induced
vascular permeability increase.

Tight and adherens junctions are the 2 major components of
the apical junction complex of endothelial cells (8, 60). In intes-
tinal endothelial cells, tight junctions are composed of occlu-
din, JAM-A, cingulin, and ZO-1, whereas adherens junctions
are formed by VE-cadherin and B-catenin (6, 60). ZO-1 was not
altered in the presence of IFN-y, indicating that adherens junc-
tions with VE-cadherin may be the major determinant of endo-
thelial cell barrier function in our context. In fact, IFN-y induced
VE-cadherin disruption in cell culture, in agreement with 2 other
studies (61, 62). VE-cadherin junctions were also disrupted in the
intestinal vasculature in DSS-induced colitis. Notably, functional
deactivation of VE-cadherin with a specific antibody (mAbBV13)
was sufficient to significantly increase the permeability in conflu-
ent monolayers of MIECs, in accordance with the observations of
Corada et al. (47). Most importantly, analyses of inflamed tissue
areas of IBD patients showed that IFN-y-induced disturbance of
VE-cadherin also occurs in the course of the disease in humans.
Altogether these findings support the conclusion that IBD-asso-
ciated vascular barrier defects are predominantly due to IFN-y-
induced deactivation of VE-cadherin in adherens junctions.

VE-cadherin deactivation can occur by internalization (48)
or by cleavage, leading to increased vessel permeability (49). For

IBD + imatinib
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Figure 9. IFN-y-induced vessel permeability
and its inhibition by imatinib in IBD. IFN-y
increases permeability of intestinal vessels by
disruption of VE-cadherin junctions, associated
with increased inflammation and progression of
IBD. Imatinib inhibits VE-cadherin disruption,
reduces vascular permeability, and ameliorates
the course of the disease. (-), normal level; black
arrows, increase or decrease as compared with
normal level.

example, VE-cadherin was found to be degraded after treatment
of endothelial cells with inflammatory stimuli, such as LPS and
TNF-0 (63, 64). In our study, we observed both internalization
and proteolytic cleavage of VE-cadherin in the presence of IFN-y.
More precisely, an intracellular 35-kDa fragment of VE-cadherin,
corresponding to the cytoplasmic domain of the molecule, was
obtained in membrane fractions of MIECs after IFN-y treatment
(Supplemental Figure 10). Also, it has been previously shown that
IFN-y induces remodeling of the actin cytoskeleton in endothe-
lial cells via GBP-1 (65), which might further amplify junctional
VE-cadherin rearrangement in endothelial cells.

In the colon tissues of DSS-treated mice, increased vessel
permeability correlated with the increased influx of immune
cells, which might account for disease progression. In other stud-
ies, VE-cadherin-mediated regulation of vessel permeability has
been associated with increased leukocyte extravasation (66, 67).
A disrupted vascular barrier in the intestine might exert system-
ic effects in disease progression by fostering the translocation of
intestinal bacteria into the blood and spreading to extraintestinal
organs. A respective mechanism was observed in mice infected
with Salmonella, which caused increased vessel permeability and
subsequent dissemination of Salmonella to the liver and spleen (6).
It is supposed that bacteremia in IBD patients leads to systemic
inflammation and aberrant immune cell homing, which increases
the risk of endocarditis and other extraintestinal manifestations,
driving the morbidity associated with IBD (68, 69).

Traditional IBD medication aims to control the immune
response with corticosteroids, aminosalicylates, and immuno-
suppressants (54). As these drugs show limited efficacy, variable
responses, and strong side effects, efforts have been made in
recent years to develop novel therapy options (1). The identifi-
cation of IFN-y-induced vascular barrier dysfunction as a driver
of IBD pathogenesis opens new perspectives for the treatment
of this disease.

jci.org  Volume129  Number1l  November 2019

4703


https://www.jci.org
https://www.jci.org
https://www.jci.org/129/11
https://www.jci.org/articles/view/124884#sd

4704

RESEARCH ARTICLE

Imatinib is a receptor tyrosine kinase inhibitor approved
for cancer therapy (50). It was chosen as a candidate for vessel-
directed IBD treatment in our studies, as it has been previously
shown to also exert potent vascular effects. These include sta-
bilizing the endothelial barrier by restoring VE-cadherin junc-
tions in vitro and in mouse models of vascular leakage in skin,
lung, and the blood-brain barrier and during sepsis (51-53). Most
importantly, imatinib therapy of leukemia patients who sporadi-
cally suffered from UC and CD was associated with long-stand-
ing remission of UC/CD (70, 71).

Several putative mechanisms have been suggested to explain
the clinical response to imatinib, such as its ability to inhibit mac-
rophage activation and TNF-a production, mast cell c-kit signal-
ing, and fibroblast PDGFR signaling and proliferation; to induce
T cell apoptosis; or to target an unknown UC/CD-associated tyro-
sine kinase (70-72). Our findings suggest that the stabilization of
VE-cadherin may be of major relevance. This correlated with a
decreased permeability of IFN-y-treated endothelial cells in vitro
and an inhibition of DSS-colitis-induced vessel permeability in
vivo, associated with a significantly improved disease course. All
of these findings are well in agreement with a barrier-restoring
function of imatinib and support the pathologic function of IFN-y-
induced vascular permeability in IBD.

Recently it has been shown that IFN-y can induce members of
the Abelson (Abl) family of nonreceptor tyrosine kinases in certain
cell types (73). Notably, Abl kinases are required for VEGF- and
thrombin-induced disruption of adherens junctions, and imatinib
is a potent inhibitor of Abl kinase activity (74, 75). Accordingly, it
may be promising in future studies to investigate whether imatinib
stabilizes VE-cadherin at endothelial adherens junctions in IBD
through inhibition of Abl kinase activity.

The clinical responses of UC/CD patients under imatinib
treatment might be due to the restoration of the endothelial bar-
rier, which opens attractive future perspectives. First, pCLE-based
determination of vessel permeability (Figure 5E) could be applied
to monitor vascular-directed effects of presently used IBD thera-
py. For example, fontolizumab, an IFN-y inhibitor, has yielded only
limited therapeutic responses in IBD patients (76-78). However,
fontolizumab therapy was not controlled for its impact on vascular
permeability, which might improve the identification of effective
treatment doses and patients responding to this therapy. Second,
the inflamed intestinal vasculature might provide a novel thera-
peutic target in the treatment of IBD. In this framework, our results
identify imatinib as a prime candidate for clinical pilot studies.

Methods

Patients
Intestinal tissues from inflamed and uninvolved areas of the same
patients suffering from CD and UC were obtained by surgery. Tis-
sue samples were formalin-fixed and paraffin-embedded. After H&E
staining, the degree of inflammation and mucosal damage was deter-
mined by a pathologist in a blinded fashion (Supplemental Table 2).
Patients included in the study with probe-based confocal laser
endomicroscopy (pCLE) had endoscopically and histologically con-
firmed UC. Active disease was defined via clinical scoring systems (e.g.,
the Mayo Clinical Score) (79, 80) (Supplemental Table 1). As healthy
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controls, patients without inflammation admitted for pCLE for other
diagnostic reasons were included. See also “Study approval” below.

Transgenic mice

C57BL/6] endothelial cell-specific Ifiigr2-knockout mice (referred to
as Ifngr2°¥€) were generated by crossing of C57BL/6] Ifngr2™ mice
(previously described, refs. 81, 82) with B6.Cg-Tg(Tek-cre)12Flv/] mice
(also known as Tie-2-Cre; previously described, ref. 33). Tamoxifen-
inducible endothelial cell-specific Ifigr2-knockout mice (Ifngr2EC)
were obtained by crossing of Ifngr2"# mice with Cdh5-CreERT2
mice (34). Postnatal Ifngr2 deletion was induced by administration
of 4-hydroxytamoxifen (150 pg per 30 g of body weight; Cayman
Chemical Co.) through i.p. injection into 4- to 5-week-old mice. Injec-
tions were performed once per day for 5 consecutive days. Sex- and
age-matched, cohoused littermates at weeks 6-12 of age were used
for each experiment. C57BL/6] Ifngr2"" mice were used as control.
Both female and male mice were used. All mice were housed in spe-
cific pathogen-free conditions and were routinely screened for patho-
gens according to Federation of European Laboratory Animal Science
Associations (FELASA) guidelines. All mice had ad libitum access to a
standard diet and water.

Bone marrow transplantation of mice

As Tie2 is expressed not only by vascular endothelial cells but also by
hematopoietic cells (35), both Ifngr2*"¢ and control mice underwent
bone marrow transplantation with wild-type bone marrow cells to
guarantee that IFN-y receptor 2 was only deleted in endothelial cells.
Recipient mice (CD45.2) were irradiated with 9 Gy (BioBeam, Gamma-
Service Medical GmbH). The next day, i.v. reconstitution with 0.7 x 10°
bone marrow cells per mouse in PBS isolated from femurs of CD45.1
donor mice (B6 Cd45.1, Pep Boy, The Jackson Laboratory) was per-
formed. Antibiotics (2.5% Baytril, Bayer) were applied in the drinking
water for 10 days. The blood of recipients was analyzed after 6 weeks of
reconstitution by flow cytometry (Supplemental Methods).

Induction, treatment, and evaluation of DSS-induced colitis
To induce acute DSS-colitis in Ifngr2**¢ mice, 2.5% DSS (40 kDa; MP
Biomedicals) was added to the drinking water for a 7-day cycle, and
subsequently, normal drinking water was given for 3 days. For induc-
tion of chronic colitis, DSS was applied in 3 consecutive cycles with
2-week intervals. In Ifngr2'*E¢ mice, acute DSS-colitis was induced
between 10 and 25 days after the last tamoxifen injection. On day 9 of
the last cycle of DSS treatment, mice were anesthetized with isoflurane
(2%, 2 L/min; CP-Pharma), and the intestinal mucosa was analyzed by
high-resolution mini-endoscopy (Karl-Storz) to determine the grade
of colitis. A disease-specific scoring system adapted from Becker et
al. (37) was used to grade intestinal inflammation, which considered
thickening of the colon wall, changes in the normal vascular pattern,
presence of fibrin, mucosal granularity, and stool consistency with
numerical scores between O and 3 each, with 15 being the maximal
score at conditions of most severe colitis. After day 10, mice were sac-
rificed by cervical dislocation, and the colon tissue was removed from
the cecum to the rectum. Colon length was measured, and subsequent-
ly, the tissues were processed for histologic analyses. The same area of
the distal colon was analyzed for all described experiments.

VEGF blockade. Endogenous VEGF-A activity was blocked by
administration of anti-VEGF-A antibody (150 pg/mouse in PBS; B20-
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4.1.1, Genentech Inc.; refs. 41, 42) by i.p. injection daily within the first
5 days of DSS-colitis, followed by injection every 2 days until the final
day of the experiment. As a control, a mouse IgG2a isotype control
antibody (150 pg/mouse in PBS; clone MOPC-173, catalog 400281,
BioLegend) was applied.

Imatinib administration. Starting from the first day of DSS, ima-
tinib (Gleevec, Novartis) was given orally by a feeding needle (Fine
Science Tools) once a day within the first 6 days at a concentration of
50 mg/kg dissolved in PBS. Subsequently, the dosage was increased to
100 mg/kg twice per day until the final day of DSS-colitis. The appli-
cation of PBS served as a control.

Metatarsal assay

Metatarsal bones were isolated from embryos of day 18.5, cultured, and
stained as previously described (40). Sprouting capillaries were stained
with a rat anti-mouse CD31 antibody (1:400; catalog DIA310, Diano-
va) and an AF488-conjugated donkey anti-rat secondary antibody
(1:500; catalog A-21208, Thermo Fisher Scientific). A laser-scanning
confocal microscope (TCS SPE, Leica Microsystems; equipped with
LAS-LAF software) was used to visualize metatarsals via tile scans.

Immunohistochemistry of human and murine colonic tissues

Immunohistochemistry of human and mouse colon tissues was car-
ried out as described previously (27, 31). Antigen retrieval was per-
formed in target retrieval solution, pH 9.0 (TRS9, Dako). The follow-
ing primary antibodies were used for 1 hour at room temperature:
rat anti-mouse CD31 (1:100; catalog DIA310, Dianova), rabbit anti-
mouse Ifngr2 (1:500; generated by immunization with the peptide
HYWEKSETQQEQVEGPFKS corresponding to amino acids 171-189
in the C-terminal extracellular domain of Ifngr2; Pineda Antikorp-
er Service), rat anti-mouse CD45 (1:500; catalog 103102, BioLeg-
end), rabbit anti-mouse CD4 (1:500; catalog ab183685, Abcam), rat
anti-mouse F4/80 (1:250; catalog 14-4801-81, eBioscience), rabbit
anti-mouse Ki-67 (1:50; catalog ab16667, Abcam), rabbit anti-mouse
a-SMA (1:1000; catalog ab124964, Abcam), rabbit anti-human PDG-
FR-B (1:100; catalog ab32570, Abcam), mouse anti-human CD31
(20.5 pg/mL; clone JC70A, catalog M0823, Dako), and rabbit anti-
human VE-cadherin (1:100; catalog ab33168, Abcam). As isotype
controls, the following antibodies in the same final concentrations
as the respective detection antibodies were used: mouse IgG1 (cat-
alog MAB002), rat IgG2b (catalog MABOO061), rat IgG2a (catalog
MABO0O06), and rabbit IgG (catalog AB-105-C), all from R&D Systems.
As secondary antibodies, AF488-conjugated donkey anti-rat (1:500;
catalog A-21208), AF546-conjugated donkey anti-rabbit (1:500; cat-
alog A10040), AF488-conjugated donkey anti-rabbit (1:500; catalog
A-21206), AF488-conjugated goat anti-rat (1:500; catalog A-11006),
AF546-conjugated goat anti-rabbit (1:500; catalog A-11035), and
AF488-conjugated donkey anti-mouse (1:500; catalog A-21202), all
from Thermo Fisher Scientific, were used for 45 minutes at room tem-
perature. Nuclei were stained with DRAQS5 (1:800; catalog 4084, Cell
Signaling Technology), and slides were mounted with fluorescence
mounting medium (Dako). Stainings with respective isotype controls
for each antibody are shown in Supplemental Figure 11. The immune
cellinfiltration (CD45, CD4, F4,/80) was quantified by counting of the
number of CD45%, CD4*, or F4/80" cells per field using Image]/Fiji
(NIH) (83). The overall number of cells per field was counted based on
nuclear staining. The number of immune cells was determined as the
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ratio of CD45*, CD4*, or F4/80" cells over the total cell number per
field and was given as a percentage.

Cell culture

C57BL/6 mouse small intestinal endothelial cells (MIECs) were pur-
chased from Cell Biologics, kept in complete mouse endothelial cell
medium with the growth factor supplement (Cell Biologics), and rou-
tinely tested for mycoplasma negativity using the MycoAlert Myco-
plasma Detection Kit (Lonza). As a starvation medium, basal mouse
endothelial cell medium (Cell Biologics) with 0.5% FCS and without
growth factor supplement was used. Cells in passages 4-6 were used
for the experiments. HUVECs were purchased from Lonza and cul-
tured in endothelial growth medium 2 (EGM-2, Lonza). Cells between
passages 3 and 5 were used. Normal human lung fibroblasts (LFs) from
Lonza were cultured in fibroblast growth medium 2 (FGM-2, Lonza)
and used between passages 5 and 6. All cells were maintained in a
humidified incubator at 37°C and 5% CO,,.

Supplemental Methods

Mouse genotyping; cell isolation from mouse spleen, blood, thymus,
and lung; immune cell phenotyping by flow cytometry; isolation
of RNA from mouse lung endothelial cells and bone marrow cells;
quantitative reverse transcriptase PCR; Western blot of MIEC mem-
brane fractions; immunocytochemistry; proliferation assay of MIECs;
microfluidic 3D angiogenesis and vasculogenesis model; in vitro per-
meability assay; confocal laser endomicroscopy; intravital microsco-
py; 2-photon microscopy; and light-sheet microscopy were performed
as indicated in Supplemental Methods online.

Statistics

Statistical analyses of pairwise comparisons were performed using
2-tailed, unpaired Student’s ¢ test for normally distributed data. For data
without normal distribution, the Mann-Whitney U test was used. Multi-
ple comparisons were analyzed via 1-way ANOVA followed by Tukey’s
multiple-comparisons post hoc test or via Kruskal-Wallis test followed
by Dunn’s multiple-comparisons post hoc test for non-normal distri-
bution. For 2 different categorical variables, 2-way ANOVA followed
by Sid4k’s multiple-comparisons post hoc test was used. To compare
sampling distributions, the 2 test was used. For all analyses, GraphPad
Prism software version 6.00 (GraphPad Software) was used. P values
less than 0.05 were considered significant.

Study approval

Patients. All procedures were approved by the local ethics committee
of the University of Erlangen-Nuremberg (no. 91_18 B, Ethikkomission
der FAU, Erlangen, Germany). Patients gave written informed consent
before participation in this study.

Animal experimentation. All animal studies were performed in
accordance with German law and approved by the Institutional Animal
Care and Use Committee of the University of Erlangen and the Animal
Experiment Committee of the State Government of Lower Franconia,
Wiirzburg, Germany (55.2-2532-2-366 and 55.2-2532.1-37/14).
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