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Interferon Gamma Counteracts the Angiogenic Switch and
Induces Vascular Permeability in Dextran Sulfate Sodium
Colitis in Mice
Lisa Haep, MSc,* Nathalie Britzen-Laurent, PhD,* Thomas G. Weber, PhD,† Elisabeth Naschberger, PhD,*
Alexander Schaefer, MSc,* Elisabeth Kremmer, MD,‡ Sebastian Foersch, MD,§ Michael Vieth, MD,k

Werner Scheuer, PhD,† Stefan Wirtz, PhD,§ Maximilian Waldner, MD,§ and Michael Stürzl, PhD*

Background: Interferon (IFN)-g is a central pathogenesis factor in inflammatory bowel disease (IBD) with pleiotropic effects on many different cell
types. However, as yet, the immune modulatory functions of IFN-g in IBD have been predominantly investigated. Based on previous studies showing
that IFN-g acts antiangiogenic in colorectal carcinoma, we investigated the effects of IFN-g on the vascular system in IBD.

Methods: Colon tissues of patients with IBD and dextran sulfate sodium–induced colitis in mice were subjected to immunohistochemistry, quantitative
real-time polymerase chain reactions, and in situ hybridization to quantify cell activation, angiogenesis, and immune responses. Vascular structure and
permeability in mice were analyzed by ultramicroscopy and in vivo confocal laser endomicroscopy.

Results: We showed a significantly increased blood vessel density in IBD and dextran sulfate sodium colitis. In mice, this was associated with
a disorganized blood vessel structure and profound vascular leakage. As compared with genes associated with angiogenesis, genes associated with
inflammatory cell activation including IFN-g were more strongly upregulated in colitis tissues. IFN-g exerted direct effects on endothelial cells in IBD
tissues in vivo, as indicated by the expression of IFN-g–induced guanylate binding protein 1 (GBP-1). Neutralization of IFN-g in the acute dextran
sulfate sodium colitis model demonstrated that this cytokine exerts endogenous angiostatic activity in IBD and contributes to increased vascular
permeability.

Conclusions: The dissection of the pleiotropic activities of IFN-g in IBD provides new insights to the pathological functions of this cytokine and may
be of high relevance for the optimization of combination therapy approaches.

(Inflamm Bowel Dis 2015;21:2360–2371)
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I nflammatory bowel disease (IBD) is an intermittent chronic
inflammatory disorder of the gastrointestinal tract affecting

roughly 2.2 million patients in Europe and about 1 million patients
in the United States.1 The 2 major clinically relevant forms of IBD
are Crohn’s disease (CD) and ulcerative colitis (UC). Histologic

hallmarks of IBD include leukocyte infiltration, mucosal damage,
ulcerations, edema, and an increase in the blood vessel density.2–4

Increased angiogenesis has been shown to directly correlate with
disease severity in patients with CD and UC as well as in exper-
imental colitis.2,5 Nevertheless, the pathophysiologic function of
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angiogenesis in IBD is still poorly understood. For instance,
genetic and pharmacological approaches targeting angiogenic
growth factors in experimental colitis revealed conflicting results
on the association of angiogenesis with disease progression. Neu-
tralization of the vascular endothelial growth factor A in dextran
sulfate sodium (DSS)–induced and 2,4,6-trinitrobenzenesulfonic
acid (TNBS)–induced colitis resulted in a decreased vessel den-
sity and improvement of the disease.6,7 Deficiency of placental
growth factor was also associated with reduced angiogenic activ-
ity but, in contrast, failed to ameliorate colitis in the same exper-
imental models.8 Overall, these results suggest that not only the
vessel number is of relevance for the outcome of the disease but
also the quality of the vessels formed in diseased tissues. In fact,
evidence has been provided that IBD vessels are immature and/or
functionally defective, as indicated by a lack of pericytes, leaki-
ness, and the formation of stenosis and hyperthrombic edema.2

Accordingly, analyses of the phenotypes and functions of blood
vessels within the complex network of angiogenic and inflamma-
tory factors in the IBD microenvironment may provide new in-
sights for the understanding of blood vessel functions in IBD
pathogenesis.

Interferon (IFN)-g is a multifunctional cytokine known to
be highly upregulated in mucosal tissues of CD and UC and
different murine model systems.3,9,10 Due to its immune regula-
tory function in the differentiation and activation of macrophages
and effector T cells, as well as its proapoptotic effects on epithe-
lial cells, IFN-g is supposed to perpetuate inflammation in the
setting of IBD.9,11

Interestingly, IFN-g has also profound effects on blood
vessels. It has been shown that this cytokine inhibits the prolifer-
ation, migration, and invasion of human microvascular and mac-
rovascular endothelial cells.12–14 The inhibitory effects of IFN-g
have been confirmed by the identification of the large GTPase
guanylate binding protein 1 (GBP-1) as the intracellular mediator
of the angiostatic activities of IFN-g.12–14 Moreover, GBP-1
expression has been shown to indicate the activation of blood
vessel endothelial cells by IFN-g both in vitro and in vivo in
different carcinomas and autoimmune disorders.15–18 In patients
with colorectal carcinoma, an IFN-g–dominated micromilieu,
characterized by prominent GBP-1 expression, was associated
with a highly significantly decreased angiogenic activity and
increased cancer-related 5-year survival of the patients.12,17 In
contrast, increased vessel numbers and high IFN-g expression
coincide in patients with IBD.

These clinical findings suggest that IFN-g may either act
differently on the vascular system in IBD and colorectal carci-
noma or that the angiostatic effects of IFN-g may be compensated
by alternative effects of the specific disease-associated microen-
vironment. Both considerations would be of high relevance for the
understanding of the pathogenesis mechanisms of IBD and for the
development of specific therapy approaches. Therefore, we inves-
tigated in this study the effect of IFN-g on the vascular system in
IBD both in humans and mouse models.

MATERIAL AND METHODS

Patients
Formalin-fixed paraffin-embedded endoscopic biopsy

specimens from patients with active or moderately active CD
(n ¼ 28) and UC (n ¼ 23) and healthy control specimens (n ¼ 14)
were obtained from the Institute of Pathology (Bayreuth, Ger-
many). All specimens were taken for routine purposes. The ret-
rospective use of biopsies was approved by the Ethics Committee
and the Institutional Review Board of the University of Erlangen-
Nuremberg.

Animals and Treatment
Pathogen-free C57BL/6 mice (6–12 weeks old) were ob-

tained from the central animal facility of Erlangen or The Jackson
Laboratory (Bar Harbor, Maine). Acute and chronic DSS colitis
was induced as previously described.19 For neutralization of
endogenous IFN-g in the acute DSS colitis, 100 mg of a mono-
clonal rat anti-mouse IFN-g antibody (aIFN-g mAb; clone R4
6A2; BioXcell, Lebanon, New Hampshire) were injected intraper-
itoneally. Injections were performed daily for 5 days during the
induction of colitis and every other day thereafter. Control groups
received 100 mg of a rat IgG1 isotype control antibody directed
against horseradish peroxidase (control mAb; clone HRPN; Bio-
Xcell). All animal experiments were reproduced at least twice
with similar results. The animal studies were conducted at the
University of Erlangen-Nuremberg, Germany, and approved by
the State Government of Middle Franconia, Germany.

In Vivo Confocal Laser Endomicroscopy
Fluorescein isothiocyanate (FITC)–dextran (75 kDa) was

injected intravenously, and vessel morphology and permeability
were imaged with a confocal microscope (FIVE1; Optiscan,
Victoria, Australia) as previously described.20 Vascular perme-
ability was quantified by measuring the total FITC-signal using
the software ImageJ v1.45 (U.S. National Institutes of Health,
Bethesda, MD).

Ultramicroscopy
Ultramicroscopic analysis of vessel perfusion and permeabil-

ity was performed as previously described (for details, see Text,
Supplemental Digital Content 1, http://links.lww.com/IBD/A975).21

Cell Proliferation Assay
C57BL/6 Mouse Small Intestinal Endothelial Cells (Cell

Biologics, Chicago, IL) were seeded in triplicates in 24-well
plates (Nunc; Thermo Fisher Scientific, Bonn, Germany) at
a density of 4 · 103 cells per well (cell culture details, see Text,
Supplemental Digital Content 1, http://links.lww.com/IBD/
A975). Cells were treated with angiogenic growth factors ([10
ng/mL vascular endothelial growth factor A and 10 ng/mL basic
fibroblast growth factor], Biolegend, San Diego, CA) and IFN-g
(100 U/mL, Biolegend) with or without mAbs as indicated.
Medium including additives was renewed every 2 days. Five days
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after stimulation, total cell numbers were determined using an
automatic cell counter (Z2 Coulter Particle Count and Size Ana-
lyzer; Beckmann Coulter GmbH, Krefeld, Germany).

Western Blot Analysis
Western blotting was performed as described previously22

using 10 mg of cell lysate per lane. Detection of murine GBP-1
was performed using a monoclonal rat anti-mouse GBP-1 anti-
body (clone 2C4, 1:10; see Text, Supplemental Digital Content 1,
http://links.lww.com/IBD/A975 and Fig., Supplemental Digital
Content 2, http://links.lww.com/IBD/A976) as a primary antibody
and a sheep anti-rat horseradish peroxidase–coupled secondary
antibody (1:5,000, Dako, Hamburg, Germany).

Immunocytochemistry
Cells were seeded in gelatin-coated chamber slides (Nunc)

at a density of 2 · 104 cells per well and 24 hours after treatment
fixed with 4% paraformaldehyde for 10 minutes and permeabi-
lized with 0.1% triton-X100 for 30 minutes at room temperature.
Nonspecific binding sites were blocked using 10% rabbit-normal
serum (Dianova, Hamburg, Germany). A monoclonal rat
anti-mouse GBP-1 antibody (clone 2C4; see Text, Supplemental
Digital Content 1, http://links.lww.com/IBD/A975 and Fig., Sup-
plemental Digital Content 2, http://links.lww.com/IBD/A976
1:50, 1 h) was used as a primary antibody. Afterward, cells were
incubated for 30 minutes with a biotinylated mouse absorbed
rabbit anti-rat antibody, followed by 30 minutes of incubation
with an avidin–biotin complex (ABC kit, Vector Laboratories,
Burlingame, CA). The reaction was developed using the No-
vaRED Substrate Kit (Vector Laboratories). Slides were counter-
stained with Mayer’s hemalaun (VWR International, Ismaning,
Germany), dehydrated, and mounted in DPX mounting medium
(Sigma-Aldrich, Taufkirchen, Germany).

Immunohistochemistry and Determination of
the Vessel Density

Formalin-fixed paraffin-embedded tissue sections (4 mm)
of human and mouse tissues were deparaffinized in xylol (Merck
Chemicals, Darmstadt, Germany) and rehydrated in a descending
ethanol series. After antigen retrieval in target retrieval solution
pH 9.0 (TRS9; Dako), slides were treated with 7.5% hydrogen
peroxide for 10 minutes at room temperature to block endoge-
nous peroxidases. Endogenous biotin was blocked with the
Vector biotin blocking kit (Vector Laboratories). The following
primary antibodies were used: a monoclonal mouse anti-human
CD31 antibody (5 mg/mL; Dako), a monoclonal rat anti-human
GBP-1 antibody (Clone 1B116; 1:300), a monoclonal rat anti-
mouse CD31 antibody (clone SZ31; 0.5 mg/mL; Dianova), and
a monoclonal rat anti-mouse GBP-1 antibody (clone 2C4; 1:50).
Incubations were for 1 hour at room temperature. Subsequently,
sections were incubated for 30 minutes with a mouse absorbed
biotinylated rabbit anti-rat or a biotinylated horse anti-mouse
IgG antibody and further processed as described for the immu-
nocytochemistry. For CD31 immunofluorescence, an additional

protein block (Dako) was performed before incubation with the
primary antibody. Slides were incubated overnight at 48C and
further processed using the TSA Cyanine 3 System (Perkin
Elmer, Shelton, CT). Nuclei were stained with DAPI, and slides
were mounted with fluorescence mounting medium (Dako). The
vessel density in murine colitis was quantified by determining
the total pixel density of CD31 and DAPI staining in each image
using the software ImageJ. The ratio of CD31 pixel density to
DAPI pixel density for each image was used to calculate relative
vessel densities. In human samples, the number of CD31-stained
vessels per image was counted and normalized to the tissue area.

Isolation of mRNA and Quantitative Real-time
Polymerase Chain Reaction

For gene expression analyses in mouse tissues, 2-step
quantitative real-time polymerase chain reaction (qRT-PCR) was
performed with the SensiFAST SYBR No-ROX Kit (Bioline,
Taunton, MA) in combination with QuantiTect Primer Assays
(Qiagen, Hilden, Germany). Samples were normalized using the
expression of hypoxanthine guanine phosphoribosyltransferase.
For mRNA expression analyses in human specimens, total RNA
was isolated from 10-mm formalin-fixed paraffin-embedded sec-
tions as previously described.23 Primers and 50-FAM-30-TAMRA–
labeled probes (see Table, Supplemental Digital Content 3, http://
links.lww.com/IBD/A977) were designed using Primer Express
3.0 (Applied Biosystems, Life Technologies, Carlsbad, CA) or
PrimerBlast (NCBI) and purchased at Eurogentec (Serain, Bel-
gium). All primers/probes were checked for specificity using
BLAST (NCBI). DNA contamination was excluded with
a primer/probe mix for the progestagen-associated endometrial
protein (PAEP) gene (gene ID 5047). Samples were normalized
to the housekeeping gene ribosomal protein L37a (RPL37a)
(NM_000998.4). qRT-PCR reactions were performed with the
SuperScript III Platinum One-Step qRT-PCR kit with ROX
(Invitrogen, Darmstadt, Germany). For all qRT-PCR analyses,
the DDCT-method was used for further calculations (for details,
see Text, Supplemental Digital Content 1, http://links.lww.com/
IBD/A975).

In Situ Hybridization
Specimens were processed as described previously.24 The

plasmid for probe synthesis consisted of a full-length cDNA of
human IFN-g (NM_000619.2) inserted into the pcDNA4/myc-His
expression vector as previously described.25 Transcription of
35S-radioactively labeled RNA hybridization probes was performed
with a T7 polymerase (Agilent Technologies, Böglingen, Germany).
After autoradiography, sections were stained with Mayer’s hema-
laun (VWR International), dehydrated, and mounted in DPX mount-
ing medium (Sigma-Aldrich). Signals were analyzed using a Leica
DM6000 (Leica Microsystems, Wetzlar, Germany).

Statistical Analyses
Pairwise comparisons were performed using the Student’s

t test for parametric or Mann–Whitney test for nonparametric
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analyses. Correlations were analyzed according to Spearman’s
correlation test. All statistical analyses were conducted using the
GraphPad Prism software version 4.00 for Windows (GraphPad
Software, San Diego, CA).

RESULTS

Blood Vessel Density Is Increased in Human
IBD and DSS Colitis in Mice

Blood vessel content in colonic tissue samples of patients
with IBD was measured using immunohistochemical detection of
CD31 (Fig. 1A). Quantitative evaluation confirmed that the vessel
density was significantly (P # 0.001) increased in IBD tissues as
compared with normal control tissues (Fig. 1B). As an additional
marker for blood vessel content and angiogenic endothelial cell
activation,26–28 the mRNA expression of the endothelial marker
von Willebrand factor (vWF) was measured in consecutive sec-
tions of patients with IBD by qRT-PCR (Fig. 1C). Expression of
vWF was significantly (P # 0.001) increased in CD and UC as
compared with healthy colon tissues, indicating higher vascular-
ization and/or angiogenic activity in these tissues.

The DSS-induced colitis in mice is commonly used as an
animal model to investigate different aspects of human IBD,
including angiogenesis.5,7 To mirror acute and chronic inflamma-
tion, age- and gender-matched C57BL/6J mice were treated with
2% DSS for 1 (acute) or 3 (chronic) cycles (Fig. 1E). All DSS-
treated mice developed intestinal inflammation (see Text, Supple-
mental Digital Content 1, http://links.lww.com/IBD/A975 and
Fig., Supplemental Digital Content 4, http://links.lww.com/IBD/
A978). In accordance with the observations in human IBD, the
vessel density as determined by CD31 immunohistochemical
staining was higher in acute and chronic DSS colitis as compared
with untreated controls (Fig. 1D). Quantitative evaluation con-
firmed that the vessel density was significantly (P # 0.001)
increased in diseased tissues (Fig. 1F).

Blood Vessels in DSS Colitis Exhibit
a Disorganized Structure and
Increased Permeability

Blood vessels in inflammatory tissues exhibit alterations.2

Therefore, we characterized structure, perfusion, and perme-
ability of the vascular network in acute and chronic DSS colitis.
Perfused vessels were detected by intravenous injection of
a fluorescence-coupled lectin, which binds to carbohydrate res-
idues exposed on the surface of blood vessel endothelial cells
(Fig. 2A). Although quantification of lectin deposition in
defined tissue areas demonstrated comparable perfusion in
DSS-treated mice and healthy controls (Fig. 2B), visualization
of the 3-dimensional vascular network depicted massive struc-
tural alterations in colitis tissues (Fig. 2A). Although blood
vessels in untreated mice were organized in a size-dependent
manner with large vessels at the periphery (Fig. 2A, upper
panel, white arrow) and a highly regular network of small capil-
laries in the center (Fig. 2A, upper panel, asterisk), vascular

networks in the colonic mucosa of acute and chronic DSS coli-
tis models showed a highly irregular structure which partially
did not allow sharp resolution of smaller vessels (Fig. 2A, mid-
dle, lower panel, asterisks). Quantification of colonic vascular
leakage by measuring the extravascular accumulation of a non-
binding fluorescence-labeled IgG antibody demonstrated a sig-
nificantly increased permeability in acute (P , 0.01) and
chronic (P , 0.05) DSS colitis as compared with colon tissues
of healthy control animals (Fig. 2C).

Genes Associated with Inflammatory
Vessel Activation Are More Strongly
Upregulated in DSS Colitis as Compared
with Angiogenesis-associated Genes

The microenvironment of IBD is characterized by the
presence of many different inflammatory and angiogenic factors
acting simultaneously on vessel endothelial cells during disease
progression.11,29 Angiogenic factors activate endothelial cell
proliferation and increase permeability, whereas inflammatory
factors are predominantly involved in the regulation of the
extravasation of immune cells into the tissues.2,30 Interestingly,
certain inflammation-associated cytokines and chemokines such
as IFN-g and CXCL10 have been shown to exert angiostatic
activity.12,13,17 To investigate which group of factors dominates
vessel activation in IBD, the expression of inflammation-
associated cytokines/chemokines (Fig. 3A, dark gray bars) and
of angiogenesis-associated factors (Fig. 3A, light gray bars) was
investigated with qRT-PCR in mice with acute DSS colitis and
compared with control mice. Interestingly, all of the selected
inflammation-associated genes were more strongly upregulated
in colitis tissues as compared with the angiogenesis-related fac-
tors (Fig. 3A). This suggested that an inflammatory vessel phe-
notype predominates in colitis tissues. Among the highest
induced genes in acute DSS colitis was IFN-g, which is regarded
as an important pathogenesis factor in IBD and experimental
colitis9,11,31 and also exerts angiostatic activity.12,13,17 The latter
is in clear contrast to the increased vascular density observed in
IBD and experimental colitis (Fig. 1). To investigate whether
this cytokine is acting on vascular endothelial cells in colitis
tissues, we used the expression of GBP-1 as a marker of an
active IFN-g response in IBD vessel endothelial cells, as pre-
viously described.15,17,32 In accordance with the results observed in
human endothelial cells, the expression of murine GBP-1 was
highly upregulated in cultivated primary mouse intestinal endothe-
lial cells after treatment with IFN-g, but not to detectable levels by
TNF-a (Fig. 3B). Using qRT-PCR, the expression of GBP-1 was
found to be significantly (P , 0.01) increased in acute (n ¼ 5) and
chronic (n ¼ 4) DSS colitis tissues as compared with healthy
controls (n ¼ 7, Fig. 3C), indicating an active IFN-g signaling
in vivo. Immunohistochemical staining of GBP-1 at the single-
cell level showed expression in many different cell types in colitis
tissues including endothelial cells (Fig. 3D; arrows). In contrast,
GBP-1 expression was low or undetectable in colon tissues of
untreated mice (Fig. 3D). Endothelial staining of GBP-1 was
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FIGURE 1. Blood vessel density is increased in tissues of IBD and DSS colitis. A and B, The vessel density is significantly increased in colonic tissues of
patients with IBD (n¼ 28 [CD]; n¼ 23 [UC]) in comparison with healthy controls (n¼ 14) as indicated by an increased staining for CD31 (scale bars ¼ 100
mm; positive vessels are indicated by arrows). B, Quantitative analysis of CD31 staining results. C, The significantly increased expression of vWF mRNA in
patients with IBD indicates higher vessel content and/or angiogenic activity. D, Vascular density in murine colitis tissues was measured by staining for CD31
(red; scale bars ¼ 100 mm; positive vessels are indicated by arrows). Nuclei were stained with DAPI (blue). E, Acute and chronic colitis were induced by
administration of 2% DSS in the drinking water in 1 (acute) or 3 (chronic) cycles. F, Quantification of the vessel density in DSS colitis (n ¼ 15 [control]; n ¼
14 [acute]; n ¼ 7 [chronic]). Tukey boxplots; � ¼ outliers (, first or . third quartile 6 1.5 interquartile range; ***P # 0.001; Mann–Whitney test.
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further confirmed by identifying endothelial cells with CD31
staining on consecutive tissue sections (Fig. 3E). These results
implied that blood vessel endothelial cells are exposed to and
activated by IFN-g in DSS colitis in mice.

IFN-g Is Expressed in CD and UC and Is Acting
on Blood Vessel Endothelial Cells

IFN-g expression was investigated in human IBD by in
situ hybridization with strand specific S35-labeled RNA hybrid-
ization probes. Although robust IFN-g expression was detected
in tissues of CD and UC, expression was low or absent in
healthy colon tissues (Fig. 4A). qRT-PCR confirmed a signifi-
cantly increased IFN-g expression (P # 0.001) in tissues from
CD (n ¼ 28) and UC (n ¼ 23) as compared with healthy controls
(n ¼ 14, Fig. 3B). Furthermore, GBP-1 expression was upregu-
lated in blood vessel endothelial cells of these patients, indicat-
ing that these cells are activated by IFN-g (Fig. 4C, inset,
arrow). In contrast, GBP-1 was not expressed in healthy colon
tissues (Fig. 4C). A statistically significant (P # 0.001) increase
of GBP-1 expression in CD and UC as compared with healthy
colon tissues could also be confirmed by qRT-PCR (Fig. 4D).

Moreover, the mRNA expression of GBP-1 highly correlated
(r ¼ 0.70; P # 0.001) with the expression of IFN-g in patients
with IBD (Fig. 4E).

IFN-g Inhibits Proliferation of Primary Mouse
Intestinal Endothelial Cells

IFN-g exhibits angiostatic activity on human microvas-
cular and macrovascular endothelial cells.12,13,17 However,
species-specific differences may result in different activity of
murine IFN-g on murine primary intestinal endothelial cells.
Proliferation experiments showed that angiogenic growth factor
significantly (P # 0.001) induced proliferation of endothelial
cells, which could be significantly (P # 0.001) inhibited by
simultaneous application of murine IFN-g (Fig. 5A). The
addition of a neutralizing antibody against IFN-g (aIFN-g
mAb) reduced the inhibitory effect of IFN-g on cell prolifera-
tion in a concentration-dependent manner, whereas a control
antibody applied in the highest concentration had no effect
(Fig. 5A). The neutralizing activity of the aIFN-g mAb could
be confirmed by investigating the expression of GBP-1 at the
single-cell level (Fig. 5B).

FIGURE 2. Blood vessels in DSS colitis show a disorganized structure and increased permeability. A, Vessels were stained by intravenous injection
of an Alexa Fluor 750-coupled lectin and visualized by ultramicroscopy. Arrow indicates large vessels in the periphery, and asterisks indicate small
capillaries in the mucosa. Framed areas (left panel) are depicted as a higher magnification in the right panels. B, Quantification of the lectin signal
per tissue area. C, Vessel permeability was significantly increased in the acute and chronic DSS colitis (*P , 0.05; **P , 0.01; Tukey boxplots;
Mann–Whitney test; n ¼ 4).
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FIGURE 3. GBP-1 expression in DSS colitis indicates endothelial cell activation by IFN-g. A, Expression profile of genes associated with inflam-
matory (dark gray) and angiogenic (light gray) blood vessel activation in acute DSS colitis (n ¼ 19). Expression was analyzed by qRT-PCR and
ranked according to the fold change expression of the respective gene in colitis tissues as compared with healthy control tissues (n ¼ 15).
B, Western blot shows that IFN-g induces the expression of GBP-1 in cultures of mouse intestinal endothelial cells (24-h stimulation). C, qRT-PCR
shows that GBP-1 expression is significantly increased in acute (n ¼ 5) and chronic (n ¼ 4) DSS colitis (**P , 0.01; Tukey boxplot; Mann–Whitney
test). D, GBP-1 expression is detected in blood vessel endothelial cells (arrows) of DSS colitis as detected by immunohistochemistry. E, Endothelial
cells were identified by CD31 staining of consecutive sections [corresponding cells in (D and E) are indicated by arrows; scale bars ¼ 50 mm].
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FIGURE 4. Blood vessel endothelial cells in IBD are exposed to activation by IFN-g. A, In situ hybridization with strand specific S35-labeled RNA
hybridization probes detects robust IFN-g expression in CD and UC. IFN-g signals (arrows) are shown in bright field (BF, black silver grains) and
corresponding dark field (DF, gray to pink signals). Scale bars ¼ 100 mm. B, qRT-PCR of IFN-g expression in tissues of CD (n ¼ 28) and UC (n ¼ 23)
as compared with healthy controls (n ¼ 14; Tukey boxplot; � ¼ outliers (, first or . third quartile 6 1.5 interquartile range; ***P # 0.001; Mann–
Whitney test). C, Immunohistochemical detection of GBP-1 expression in vascular endothelial cells of CD and UC. An increased magnification of
the framed area is shown in the inset. Morphologically characterized vessels expressing GBP-1 are indicated by arrows. Scale bars ¼ 50 mm. D,
qRT-PCR of GBP-1 expression in CD (n ¼ 28) and UC (n ¼ 23; � ¼ outliers (, first or . third quartile 6 1.5 interquartile range; Tukey boxplot;
***P # 0.001; Mann–Whitney test). E, The mRNA expression of GBP-1 highly correlates with the expression of IFN-g in patients with CD (n ¼ 28)
and UC (n ¼ 23) (r ¼ 0.7; ***P # 0.001; Spearman’s correlation).
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Neutralization of IFN-g Increases Vessel
Density and Reduces Vascular Permeability in
Acute DSS Colitis

In the final step, we investigated the effects of endogenous
IFN-g on the vasculature in colitis tissues in vivo. Therefore, we
blocked IFN-g effects in the acute DSS colitis by administration
of the above-tested neutralizing aIFN-g mAb and subsequently
analyzed blood vessel density and permeability. In line with our
previous observations, CD31 immunohistochemistry showed that
the vessel density was significantly increased after DSS-treatment
as compared with healthy control animals (Fig. 6A). Interestingly,
this effect was further enhanced after neutralization of endoge-
nous IFN-g, indicating that IFN-g acts in an angiostatic manner in
IBD tissues (Fig. 6A). Quantitative evaluation confirmed that the
vessel density was significantly increased (P , 0.05) in DSS
colitis in the presence of the aIFN-g mAb (n ¼ 5) as compared
with colitis tissues treated with control antibody (n ¼ 6) or healthy
colon tissues (n ¼ 3, Fig. 6C).

To investigate whether IFN-g is involved in colitis-
associated vascular permeability, we performed confocal laser
endomicroscopy after intravenous injection of FITC–dextran
(Fig. 6B). In agreement with our previous results, permeability
was highly increased in DSS-treated mice as compared with
healthy control animals (Fig. 6B). Although vessels in healthy
mice were characterized by well-defined borders (Fig. 6B, upper
panel), vessel borders in acute DSS colitis were blurry and indis-
tinct (Fig. 6B, middle panel). Furthermore, accumulation of
FITC–dextran in the central area of the crypts indicated vascular
leakage (Fig. 6B, middle panel; Fig. 6D). Of note, mice injected
with the neutralizing aIFN-g mAb (Fig. 6B, lower panel) dem-
onstrated a less severe phenotype as compared with those treated
with a control antibody (Fig. 6B, middle panel). Quantitative
evaluation confirmed that application of the IFN-g–neutralizing
antibody significantly (P , 0.05) ameliorated blood vessel

permeability in DSS colitis (Fig. 6E). Altogether, these results
clearly demonstrated that IFN-g exerts angiostatic activity
in vivo and is involved in vascular leakage during IBD.

DISCUSSION
IFN-g is a pleiotropic cytokine involved in multiple regula-

tory pathways and acting on many different cell types. Concerning
its role in angiogenesis, we have previously shown that IFN-g
exhibits potent antiangiogenic activity on human microvascular
and macrovascular endothelial cells. Here, we could confirm that
IFN-g also inhibits the proliferation of mouse intestinal endothelial
cells in vitro.12–14 However, in the setting of IBD, IFN-g expres-
sion was highly upregulated and coincided with an increased ves-
sel density. To investigate whether IFN-g may directly act on
blood vessels in intestinal inflammation in vivo, we used the
expression of GBP-1 as a marker for an active IFN-g response
as previously described.12,13,15,17 Consistent with observations in
human endothelial cells, the expression of murine GBP-1 was
highly increased in cultivated primary mouse intestinal endothe-
lial cells after stimulation with IFN-g. Immunohistochemical
detection of GBP-1 expression in endothelial cells in colonic
tissues further implied that IFN-g acts on intestinal endothelial
cells in the acute and chronic DSS colitis in mice and human IBD.

It has recently been reported that endogeneous inhibitors of
angiogenesis are active in intestinal inflammation.5 Therefore,
IFN-g and IFN-g-inducible antiangiogenic chemokines like
CXCL10 may contribute to the angiostatic forces active on the
angiogenic balance in IBD. In line with this, we found that
antibody-mediated neutralization of IFN-g increased the vessel
density in experimental DSS colitis. This demonstrated for the
first time that IFN-g acts as an endogenous antiangiogenic factor
in the endothelial microenvironment of colitis tissues in vivo. The
specific activity of the neutralizing antibody was confirmed by

FIGURE 5. Neutralization of IFN-g inhibits the antiproliferative effects of IFN-g and reduces GBP-1 expression. A, Cell count after 5-day stimulation
with angiogenic growth factor (vascular endothelial growth factor 10 ng/mL; basic fibroblast growth factor 10 ng/mL), IFN-g (100 U/mL) or mAbs
(aIFN-g mAb [0.1, 1, 10 mg/mL]; control mAb [10 mg/mL]). *P , 0.05; **P , 0.01; ***P # 0.001; Student’s t test. B, Immunocytochemical staining
shows GBP-1 expression after stimulation with IFN-g (100 U/mL, 24 h) in mouse intestinal endothelial cells. This was inhibited by the aIFN-g mAb
(10 mg/mL) but not by the control mAb (10 mg/mL). Scale bar ¼ 10 mm. Experiments were reproduced at least 3 times with identical outcomes.
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in vitro experiments showing that the inhibition of cell prolifera-
tion and activation of GBP-1 expression by ectopically added
IFN-g can be efficiently blocked by this antibody.

Because it is known that blood vessels in IBD are
structurally and functionally altered,2 we further investigated ves-
sel structure, perfusion, and permeability. We found that the over-
all perfusion into the tissues was similar in normal colon and DSS
colitis tissues. However, the highly increased vessel numbers

detected in the mucosal tissues of DSS-treated mice indicated that
the performances of a given length unit of the vessels may be
lower in colitis as compared with vessels in the healthy colon.
This was supported at the structural level where vessels in DSS
colitis were found to be highly disorganized as compared with the
vascular network in healthy colon tissue. Moreover, vessels in
DSS colitis exhibited a significantly increased permeability for
a nonbinding antibody and FITC–dextran.

FIGURE 6. Neutralization of IFN-g increases the vessel density and decreases vascular permeability in acute DSS colitis. A, Colonic tissue sections of
untreated or DSS-treated animals who received a neutralizing anti-IFN-g mAb (aIFN-g mAb) or control mAb were stained for CD31 (red) to
determine blood vessel density (positive blood vessels are indicated by arrows; nuclei were stained with DAPI [blue]; scale bars ¼ 100 mm).
B, Vessel permeability was measured by confocal laser endomicroscopy in vivo after intravenous injection of FITC–dextran (scale bar ¼ 50 mm).
C, Quantification of the relative blood vessel density in mice treated with the aIFN-g mAb (n ¼ 5) or the mAb control (n ¼ 6) as compared with
untreated controls (n ¼ 4). D, Scheme of dextran deposition in colitis tissues. E, Quantification of vessel permeability (Tukey boxplots; *P , 0.05;
Mann–Whitney test).
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Vascular barrier dysfunctions are common in IBD and
perpetuate disease by various mechanisms, most importantly by
the regulation of leukocyte infiltration, altered perfusion and
blood flow velocity, and the development of edema and hyper-
thrombic vessels.2 Furthermore, increased vascular leakage has
been linked to epithelial cell damage in experimental colitis and
was therefore suggested to directly contribute to disease estab-
lishment.33 In this study, we showed that neutralization of
endogenous IFN-g significantly reduced macromolecular leak-
age in the acute DSS colitis in vivo. Therefore, IFN-g might be
causatively involved in vascular permeability barrier defects
observed in IBD. Because IFN-g has been described to down-
regulate or relocate the junctional adhesion molecule-A, as well
as the platelet endothelial cell adhesion molecule-1 and occludin
in vitro,10,34,35 it is likely that disturbance of these proteins may
be responsible for the increased permeability of the vascular
system in IBD.

As yet, inhibition of IFN-g activity for the treatment of IBD
did not provide any clear results in clinical studies.36,37 In line
with this, genetic or pharmacologic interference with the IFN-g
signaling pathway in experimental colitis revealed different out-
comes concerning disease establishment and progression based on
the experimental design. For instance, IFN-g–deficient mice did
not develop DSS colitis, indicating an essential role of IFN-g in
IBD.9 However, TNBS colitis could be induced independent of
IFN-g signaling.38 Overall, these studies clearly demonstrate the
need to carefully dissect the different effects of this pleiotropic
cytokine on different cell types in IBD.

Here, we provided evidence that besides its well-known
roles in the regulation of immune cell functions and epithelial
barrier defects; IFN-g also strongly affects vascular functions in
IBD which might be of high clinical relevance. It has been
recently shown that the endothelial microenvironment in exper-
imental colitis is highly diverse, based on the model system and
the genetic background of the mice.5,39 This might reflect the
heterogeneity in patients and provide an explanation about vary-
ing therapeutic success of neutralizing antibodies in the treat-
ment of IBD.40 Based on the expression levels of other vascular
modulating factors within the mucosal microenvironment, phar-
macological inhibition of IFN-g signaling might either rescue or
foster disease progression. Therefore, individualized therapy ac-
cording to the unique mucosal cytokine profile and the involved
immune cells might be a future prospective in the treatment of
IBD. In this framework, a combinational therapy of fontolizu-
mab with the anti–vascular endothelial growth factor antibody
bevacizumab or other currently available drugs addressing
angiogenic pathways might be a future solution. Moreover, the
specific activity of IFN-g on different cell types may open new
strategies to predict therapy responses and outcomes. For this
purpose, the use of GBP-1 as a marker for an active IFN-g
response might be a suitable approach.

Altogether, our results indicate that the inhibition of IFN-g
activity as a treatment option for IBD should be revised by more
specifically dissecting the complex activity of this cytokine on

different cell types and by taking into account the specific com-
position of the microenvironment in IBD tissues.
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