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See Roifman I et al on page 175 in CGH; see
editorial on page 400.

ackground & Aims: Vascular endothelial growth
actor A (VEGF-A) mediates angiogenesis and

ight also have a role in inflammation and immu-
ity. We examined whether VEGF-A signaling has a
ole in inflammatory bowel disease (IBD).
ethods: Expression levels of VEGF-A, and its re-

eptors VEGFR-1 and VEGFR-2, were examined in
amples from patients with IBD and compared with
hose of controls. The capacity of VEGF-A to induce
ngiogenesis was tested in human intestinal micro-
ascular endothelial cells using cell-migration and
atrigel tubule-formation assays. Levels of vascu-

ar cellular adhesion molecule-1 and intercellular
dhesion molecule were measured by flow cytom-
try to determine induction of inflammation; neu-
rophil adhesion was also assayed. Expression pat-
erns were determined in tissues from mice with
extran sulfate sodium (DSS)-induced colitis; the
ffects of VEGF-A overexpression and blockade
ere assessed in these mice by adenoviral transfer
f VEGF-A and soluble VEGFR-1. Intestinal angio-
enesis was measured by quantitative CD31 stain-
ng and leukocyte adhesion in vivo by intravital

icroscopy. Results: Levels of VEGF-A and
EGFR-2 increased in samples from patients with

BD and colitic mice. VEGF-A induced angiogenesis
f human intestinal microvascular endothelial cells

n vitro as well as an inflammatory phenotype and
dherence of neutrophils to intestinal endothe-
ium. Overexpression of VEGF-A in mice with DSS-
nduced colitis worsened their condition, whereas
verexpression of soluble VEGFR-1 had the opposite
ffect. Furthermore, overexpression of VEGF-A in-
reased mucosal angiogenesis and stimulated leuko-
yte adhesion in vivo. Conclusions: VEGF-A appears
o be a novel mediator of IBD by promoting intestinal

ngiogenesis and inflammation. Agents that block
EGF-A signaling might reduce intestinal inflamma-
ion in patients with IBD.

nflammatory bowel disease (IBD) pathogenesis in-
volves the interplay of multiple biologic components,

mong which nonimmune cells play a crucial role.1–3 In
articular, endothelial cells play a key role in multiple
spects of chronic intestinal inflammation, including ex-
ression of cell adhesion molecules (CAM) and chemo-
ine secretion, recruitment of leukocytes and platelets,
cquisition of a prothrombotic phenotype, and through
mmune-driven angiogenesis.4,5 Angiogenesis is therefore

complex process mediated by multiple cell types and
ediators6,7 and is fundamental to many biologic pro-

esses, including growth, development, and repair.
Besides its well-known role in cancer, it has become

lear that angiogenesis is also an integral component of
diverse range of nonneoplastic chronic inflammatory

nd autoimmune diseases, including atherosclerosis,
heumatoid arthritis, diabetic retinopathy, psoriasis, air-
ay inflammation, peptic ulcers, and Alzheimer’s dis-

ase.6,8,9 Indeed, angiogenesis is intrinsic to chronic in-
ammation and is associated with structural changes,

ncluding activation and proliferation of endothelial
ells, and capillary and venule remodeling, all of which
esult in expansion of the tissue microvascular bed.10 –12 A
otential functional consequence of this expansion is the
romotion of inflammation through various correlated
echanisms. First, influx of inflammatory cells may in-

rease; second, there is an increased nutrient supply to
he metabolically active immune process; and, third, the
ctivated endothelium contributes to the local produc-
ion of cytokines, chemokines, and matrix metallopro-

Abbreviations used in this paper: CD, Crohn’s disease; CAM, cell
dhesion molecules; HIMEC, human intestinal microvascular endothe-

ial cell; ICAM, intercellular adhesion molecule; UC, ulcerative colitis;
CAM, vascular cellular adhesion molecule; VEGF-A, vascular endothe-

ial growth factor A; VEGFR, VEGF receptor.
© 2009 by the AGA Institute

0016-5085/09/$36.00
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586 SCALDAFERRI ET AL GASTROENTEROLOGY Vol. 136, No. 2
einases.13,14 The anatomic expansion of the microvascu-
ar bed combined with its increased functional activation
an therefore foster further recruitment of inflammatory
ells, and angiogenesis and inflammation become chron-
cally codependent processes.10,12,14,15 In addition, many
f the mediators that are fundamental players in angio-
enesis are also inflammatory molecules.16,17

The angiogenic role played by the pathways involving
he vascular endothelial growth factors (VEGFs) and
heir receptors is well characterized. There are 7 members
f the VEGF family, ie, VEGF-A, -B, -C, -D, -E, -F, and
lacental growth factor, and these each interact with
pecific receptors, such as VEGFR-1 (flt-1), VEGFR-2
KDR), and VEGFR-3.18,19 VEGF-A is the best character-
zed7,20,21 and is a fundamental mediator of pathologic
ngiogenesis, such as in neoplasia and chronic inflam-
ation. Indeed, targeted blockade of VEGF-A is currently

eing used as a therapeutic approach to block angiogen-
sis in malignant tumors.22,23

VEGF-A is crucially involved in several chronic inflam-
atory disorders,24 –28 in which VEGF-A not only pro-
otes pathologic angiogenesis but directly fosters in-

ammation.7,18,25,26 It is now well established that, in
iseases such as rheumatoid arthritis, psoriasis, athero-
clerosis, and chronic lung inflammation, VEGF-A is in-
imately involved in disease pathogenesis, and targeting
EGF-A is a promising new therapeutic strategy to
ampen inflammation.7,9,18,27–32

Studies from our laboratory and others have shown
hat angiogenesis is a novel component of both ulcerative
olitis (UC) and Crohn’s disease (CD) and that targeting
ngiogenesis by integrin �v�3 blockade is an effective
nd entirely novel approach to block experimental coli-
is.33–36 However, the specific mediators involved in im-

une-driven angiogenesis associated with IBD are still
oorly defined.37

A few reports have described overexpression of VEGF-A
n humans with IBD,4,37 but the functional significance
f such up-regulation is not yet understood. In addition,
he messenger RNA (mRNA) for VEGF-A is strongly
p-regulated in animals with chronic experimental coli-
is.35 In murine colonic-derived endothelial cells, VEGF-A
riggers an inflammatory phenotype by up-regulating
AMs and inducing adhesion of neutrophils and T cells,

hus supporting an inflammatory role for this cytokine in
he intestine.38 However, thus far, VEGF-A and its recep-
ors have not been fully characterized in patients with
BD nor has the functional role of VEGF-A been studied
n these patients.

We have therefore evaluated the role of the VEGF-A
athway39 in the pathogenesis of IBD. Here, we show that
EGF-A is up-regulated in involved tissues in humans
ith IBD and colitic mice, as is its receptor VEGFR-2, but
ot VEGFR-1. In vitro, VEGF-A induces both angiogenic
ctivity and an inflammatory phenotype in human intes-

inal microvascular endothelial cells (HIMEC), whereas t
verexpression in vivo increases disease severity and
lockade decreases disease severity in colitic mice. This in
ivo effect correlated with increased or decreased angio-
enesis, respectively. In addition, VEGF-A induced re-
ruitment of leukocytes to the inflamed intestine in vivo,
hus fostering inflammation. These results strongly sup-
ort the important role played by the VEGF pathway in
oth inflammation and the angiogenesis that underlies
isease pathogenesis in IBD.

Materials and Methods
For additional information on materials and

ethods, see supplementary materials and methods sec-
ion (see supplementary materials and methods online at
ww.gastrojournal.org).

Patient Population
Patients with active and inactive CD and UC were

tudied, and healthy individuals were enrolled as con-
rols. Patients and controls were recruited at the Division
f Gastroenterology, Istituto Clinico Humanitas, Milan,
taly, and the study was approved by the Institutional
eview Board. Ethical guidelines were followed by the

nvestigator in studies on humans or animals and de-
cribed in the paper. Clinical disease activity was assessed
y the Harvey–Bradshaw Activity Index and the Colitis
ctivity Index, as previously reported.33 All diagnoses
ere confirmed by clinical, radiologic, endoscopic, and
istologic criteria.

Immunostaining of Mucosal Expression of
VEGFR-1 and -2 in Human and Murine
Colonic Tissues and CD31 in Murine Colonic
Tissues
Immunostaining was performed as previously de-

cribed40 (see supplementary materials and methods on-
ine at www.gastrojournal.org).

Isolation and Culture of HIMEC
HIMEC were isolated as previously described41

see supplementary materials and methods online at www.
astrojournal.org).

Western Blotting Analysis
Immunoblotting was performed as previously de-

cribed42 (see supplementary materials and methods on-
ine at www.gastrojournal.org).

Tubule Formation and Migration Assay
Endothelial cell tube formation was assessed us-

ng Matrigel (BD Biosciences, San Jose, CA), as previously
escribed36 (see supplementary materials and methods
nline at www.gastrojournal.org). Chemotaxis was as-
essed as previously reported40,43 (see supplementary ma-

erials and methods online at www.gastrojournal.org).

http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
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February 2009 THE PATHOGENIC ROLE OF VEGF-A IN IBD 587
Analysis of HIMEC by Flow Cytometry
Detection of expression of intercellular adhesion

olecule (ICAM)-1 and vascular cell adhesion molecule
VCAM)-1 on HIMEC was performed by flow cytometry
s previously described44 (see supplementary materials
nd methods online at www.gastrojournal.org).

Induction of Colitis in Mice and
Overexpression of VEGF-A and sVEGFR-1
Using Adenovirus
Colitis was induced in C57BL/6N mice by admin-

stration of 2.5% dextran sulfate sodium (DSS) (molecu-
ar mass, 40 kilodaltons; MP Biomedicals, Cleveland, OH)
n filter-purified (Millipore Corporate, Billerica, MA)
rinking water for 10 days. The severity of colitis was
ssessed on a daily measurement of weight loss34,45 (see
upplementary materials and methods online at www.
astrojournal.org).

Engineered adenovirus encoding VEGF-A (phVEGF165),
oluble VEGFR-1 (sVEGFR-1), or vector alone (LacZ) were
he generous gift of S. Yla–Herttuala and R. Pola and were
enerated as previously reported46–51 (see supplementary
aterials and methods online at www.gastrojournal.org).

HIMEC-Neutrophil Adhesion Assay and
Intravital Microscopy Studies
Adhesion assays were performed as previously re-

orted44,45 (see supplementary materials and methods
nline at www.gastrojournal.org). Intravital microscopy
xperiments were performed as previously described45

see supplementary materials and methods online at www.
astrojournal.org).

Statistical Analysis
For statistical analysis, see supplementary materi-

ls and methods (see supplementary materials and meth-
ds online at www.gastrojournal.org).

Results
Mucosal and Plasma Levels of VEGF-A Are
Up-Regulated in Patients With IBD
To compare the expression of VEGF-A under

hysiologic conditions and chronic inflammation, we

igure 1. Expression of the VEGF-A protein is up-regulated in the
ucosa and plasma of patients with IBD. Control (n � 16) or actively

nflamed CD (n � 15) and UC (n � 16) patients were investigated for
EGF mucosal content in mucosal extracts (A) or in plasma (B). VEGF
as measured by ELISA. *P � .001 for UC and CD compared with
wontrol.
rst measured the levels of the VEGF-A protein in
ucosal extracts from patients with active IBD and

ontrol individuals, using quantitative enzyme-linked
mmunosorbent assays (ELISA) of homogenized tissue
amples (Figure 1A). The levels of VEGF-A in the mu-
osa of patients with either CD or UC were markedly
P � .05) enhanced compared with control individuals.

In addition, we also measured the levels of VEGF-A
n the plasma of control individuals and compared
hose with that of patients with active CD or UC
Figure 1B). Again, there was a significant increase (P �
05) in the levels of VEGF-A in the plasma of patients

ith either form of IBD. VEGF-A was therefore up-
egulated at both the systemic and intestinal levels in
atients with IBD.

VEGFR-2 Is Up-Regulated, Whereas Levels of
VEGFR-1 Remain Unchanged in the Mucosa
of Patients With IBD
Having demonstrated that VEGF-A is up-regu-

ated in the mucosa of patents with IBD, we next inves-
igated the expression of its 2 receptors: VEGFR-1 and -2.
irst, we performed immunohistochemical staining of
ucosal tissues from healthy control individuals, and the

nflamed mucosa of patients with CD and UC. Endothe-
ial cells in the colonic mucosa of both control individ-
als and actively inflamed tissues from patients with IBD
ere positive for VEGFR-1 immunostaining (Figure 2A),
ith no apparent differences in expression levels between

he control (2.4 � 0.2) and inflamed CD (2.3 � 0.2) and
C (2.4 � 0.2) mucosa.
To define the cell types on which VEGFR-1 was ex-

ressed, serial sections were immunostained for the fol-
owing markers: CD31 (endothelial cells), CD68 (macro-
hages), CD3 (T cells), CD11C (dendritic cells), and MPO

neutrophils). As shown in Figure 2, VEGFR-1 immuno-
ocalized with CD31, CD68, and epithelial cells, indicat-
ng that expression of VEGFR-1 is mainly found in the
ndothelium, macrophages, and epithelial cells.18 No dif-
erence in expression level was found between control
nd IBD tissues. CD3-, CD11C-, and myeloperoxidase-
ositive cells were negative for colocalization with
EGFR-1 (data not shown). Next, we investigated
EGFR-2, the inducible receptor for VEGF-A.18 Using the
ame serial sections used for VEGFR-1 immunostaining,
e found that VEGFR-2 was also expressed by the endo-

helial microvasculature (CD31), macrophages (CD68),
nd epithelial cells, as reported in Figure 2B. VEGFR-2
as expressed at low levels in the microvasculature of

ontrol mucosa (0.7 � 0.2), but its expression was
trongly up-regulated in actively inflamed CD (2.0 � 0.2,
� .01) and UC (1.9 � 0.3, P � .01) mucosa (Figure 2B).
he number of positive macrophages was higher in IBD

issues, but no differences in the expression level were
bserved between control and IBD tissues. No difference

as found also in the expression of VEGFR-2 by epithe-

http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
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588 SCALDAFERRI ET AL GASTROENTEROLOGY Vol. 136, No. 2
ial cells between controls and IBD. No differences were
ound between uninflamed IBD and control mucosa
data not shown).

The levels of expression of the 2 receptors were also
nvestigated in cultured HIMEC by Western blot anal-
sis and quantified by densitometry. HIMEC constitu-

igure 2. VEGFR-2 but not VEGFR-1 is up-regulated in human IBD. (A)
nd CD68 in serial sections of the colonic mucosa and submucosa
agnification, �10. (B) The panels show brown immunohistochemica
ucosa and submucosa from histologically normal control (a, c, e; origin
40). The panels are representative of 10 control, 9 UC, and 12 CD
IMEC were left unstimulated or stimulated with VEGF-A or TNF-� then
ively expressed VEGFR-1 in unstimulated cultures H
0.91 � 0.05), with no increase when cultures were
timulated with VEGF-A (0.99 � 0.02) or tumor ne-
rosis factor (TNF)-� (0.88 � 0.01) (Figure 2C). In
ontrast to VEGFR-1, both VEGF-A (1.053 � 0.02) and
NF-� (1.027 � 0.02) induced significant (P � .05)
p-regulation of the expression of VEGFR-2 on

anels show brown immunohistochemical staining for VEGFR-1, CD31,
histologically normal control (a, c, e), active IBD (b, d, f). Original

ning for VEGFR-2, CD31, and CD68 in serial sections of the colonic
gnification, �10), active UC, and active CD tissue (b, d, f; magnification,
les, respectively. Red arrows indicate intestinal microvasculature. (C)
and their expression of VEGFR-1 and -2 assessed by Western blotting.
The p
from

l stai
al ma
samp
lysed
IMEC (0.61 � 0.02) (Figure 2B). There was therefore
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o evidence for a change in the levels of VEGFR-1 in
esponse to proinflammatory stimuli, or in the in-
amed mucosa, whereas VEGFR-2 was clearly overex-
ressed in the inflamed mucosa, and its expression was

ncreased in response to proinflammatory stimuli.

VEGF-A Induces Angiogenic Activity of
HIMEC In Vitro
To assess whether VEGFR-1 and -2 expressed on

IMEC are functional, we investigated the capacity of
EGF-A to induce angiogenesis. We first determined the
bility of VEGF-A to induce angiogenesis in vitro using a
atrigel tubule formation assay (Figure 3A). Unstimu-

ated HIMEC failed to form tubules, whereas VEGF-A
eadily promoted tubule formation. The specificity of
his response was confirmed by the application of an
nti-VEGF antibody simultaneously with VEGF-A, which
educed tubule formation.

Next, we investigated the functional capacity of
EGF-A in mucosal extracts from control individuals and
atients with IBD to induce migration of HIMEC in vitro

Figure 3B and C). No significant difference was observed
etween unstimulated HIMEC and HIMEC stimulated
ith mucosal extracts from control individuals. However,

igure 3. VEGF-A mediates angiogenesis in mucosal endothelial cells
n vitro, causing both formation of tubules and migration of cultured
IMEC. (A) Tubule formation assays were performed with Matrigel.
IMEC were left untreated, or stimulated with VEGF, in the presence or
bsence of anti-VEGF-A blocking antibodies, stained with calcein. Re-
ults are representative of 4 independent experiments. Five high-power
elds per culture condition were examined at magnification �40. (B and
) HIMEC were seeded on a transwell insert and left untreated, exposed

o several doses of recombinant VEGF-A, or to a 1:10 concentration of
xtracts from normal or IBD mucosa (3 CD and 3 UC). Experiments
ere carried out in the absence and presence of blocking antibodies
gainst VEGF-A. Migrated cells were labeled with calcein and counted.
ata are derived from 6 separate experiments. *P � .05 for anti-VEGF-
mreated compared with untreated IBD mucosal extracts.
ucosal extracts from patients with IBD potently in-
uced migration of HIMEC (P � .01). This induction was
ignificant (P � .05), although not completely dependent
n the presence of VEGF-A in the mucosal extracts from
atients with IBD because application of an anti-VEGF
ntibody at the same time as the mucosal extracts re-
uced the migration of the HIMEC.

VEGF-A Induces an Inflammatory Phenotype
in HIMEC
We also investigated whether VEGF-A has the

apacity to induce a proinflammatory phenotype in
IMEC. We first measured the expression of vascular

CAM-1 and VCAM-1. Unstimulated HIMEC constitu-
ively expressed ICAM-1, but expression was strongly
p-regulated (3- to 4-fold increase) by exposure to
EGF-A (Figure 4A). By contrast, unstimulated HIMEC
xpressed very low levels of VCAM-1, and no up-regula-
ion in expression was observed after stimulation with
EGF-A (data not shown). On the other hand, when a
imilar concentration of TNF-� was used as positive
ontrol, the expression of ICAM-1 and VCAM-1 was in-
reased by up to 5- to 6- and 50- to 60-folds, respectively,
ver baseline expression levels (data not shown). Next, we
uantified the adhesion of neutrophils to VEGF-A-stim-
lated HIMEC. Unstimulated HIMEC bound few neutro-
hils (54 � 11 cells/field), but this number significantly

622 � 56 cells/field, P � .001) increased after stimula-
ion with VEGF-A (Figure 4B). TNF-� (50 ng/mL) in-
uced a further increase in neutrophil adhesion (918 �
0 cells/field, not shown). Addition of an antibody that
locked endothelial ICAM-1 significantly (217 � 16 cells/
eld, P � .05) decreased neutrophil adhesion, demon-
trating a functional role for ICAM-1 in VEGF-A-depen-
ent neutrophil adhesion (Figure 4B). Control antibodies
ailed to inhibit the induction of adhesion of neutrophils
o HIMEC by VEGF-A or TNF-� (data not shown).

The VEGF Pathway Is Also Activated in Mice
With DSS-Induced Colitis, With Up-Regulation
of VEGF-A and VEGFR-2 But Not VEGFR-1
To investigate the mucosal expression of VEGF-A

uring the induction of experimental colitis, we mea-
ured the levels of the VEGF-A protein at different time
oints in mucosal extracts of mice administered 2.5%
SS. As measured by Western blot, VEGF-A was ex-
ressed in healthy mice, but its expression was markedly
nhanced during induction of colitis (Figure 5A). We
ext investigated the expression levels of VEGFR-1 and -2
y immunohistochemical staining of mucosal tissues
rom control and DSS colitic mice. Colonic mucosa from
he control mice showed a physiologic (2.5 � 0.2) vascu-
ar immunostaining for VEGFR-1 (Figure 5B), with a
imilar degree of immunoreactivity detected in the co-
onic mucosa of DSS-treated mice (2.4 � 0.3). On the
ontrary, VEGFR-2 was expressed at very low levels in the

icrovasculature of normal mice (0.4 � 0.2), but its
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xpression was strongly up-regulated (2.3 � 0.3, P �
001) in the actively inflamed mucosa of DSS colitic mice
Figure 5B). These findings mirror those observed in
umans, as described above.

In Vivo Manipulation of the Expression of
VEGF-A Affects the Course of Experimental
Colitis
To investigate whether VEGF-A plays a key role in

he pathogenesis of experimental colitis, we undertook a
eries of experiments using adenovirus constructs to
verexpress VEGF-A or a soluble form of its receptor
EGFR-1 (sVEGFR-1). This experimental approach has
een successfully used in several disease models but not

n experimental IBD.50,52–54 Initially, we transfected
ealthy mice with the adenovirus encoding for VEGF-A
r a control adenovirus, both of which have previously
een described.46 –51 The mice were killed every other day
nd compared with control adenovirus-infected mice. We
ound that the plasma of animals that received the

igure 4. VEGF-A triggers an inflammatory phenotype in HIMEC in vitro
dhesion. (A) HIMEC were left untreated or stimulated with VEGF-A. A
lack curve represents the background signal from the isotype control.
he net percentage of positive cells. (B) HIMEC were left untreated (ba
gainst ICAM-1. Calcein-labeled neutrophils were added to the HIME
ondition was expressed as mean � SEM of 5 separate experiments. *
reated HIMEC.
EGF-A-encoding adenovirus contained high and sus- s
ained levels of VEGF-A and sVEGFR-1 (see supplemen-
ary Figure 1A and B online at www.gastrojournal.org).
o determine whether the virus localizes to the intestine,
e transfected mice with adenovirus-LacZ and immuno-

tained the gut with X-gal. Mice transfected with the
EGF-A adenovirus displayed intense X-gal staining in

heir mucosa, indicative of LacZ expression, whereas no
-gal staining was observed in the mice transfected with

he control adenovirus (data not shown). In addition, to
erify whether the VEGF-A expressed by the transfected
irus caused a significant increase in levels of VEGF-A at
he tissue level, we analyzed mucosal protein extracts
erived from mice transfected with control or VEGF-A
denovirus by Western blot. VEGF-A was also more abun-
antly expressed in the intestine of the healthy VEGF-A
denovirus-transfected mice compared with control ade-
ovirus-transfected mice (data not shown). Similar over-
xpression of VEGF-A was found in the lung, kidney, and
iver, although no resulting pathologic features were ob-

ducing expression of ICAM-1, as well as ICAM-1-dependent neutrophil
4 hours, expression of ICAM-1 was measured by flow cytometry. The
igure is representative of 5 separate experiments. Numbers represent
e) or stimulated with VEGF-A, with or without monoclonal antibodies
onolayers. The number of adherent cells/mm2 in each experimental
05 for VEGF stimulated HIMEC vs untreated HIMEC or vs anti-ICAM-1
by in
fter 2
The F
selin
C m

P � .
erved in the transfected tissues (data not shown).

http://www.gastrojournal.org
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The VEGF-A adenovirus construct was then used to
verexpress VEGF-A in mice with DSS-induced colitis to
etermine the effects on colitis. In addition, the effect of
locking VEGF-A by administering an adenovirus that
ncodes the soluble receptor VEGR-1 (sVEGFR-1) was
etermined (Figure 6). Compared with mice adminis-
ered control adenovirus, mice administered the VEGF-A
denovirus developed significantly more severe colitis
P � .05), whereas mice administered the sVEGFR-1 ad-
novirus displayed a significantly (P � .05) less severe
olitis, as assessed by weight loss (Figure 6A) and histo-
ogic scores (Figure 6B). In particular, there was 100%

ortality in the VEGF-A adenovirus group by day 9,
hereas only 20% of the mice that received the control
denovirus and none that received the sVEGFR-1 adeno-
irus died (data not shown).

Intestinal inflammation is associated with a local in-
rease in the production of cytokines and chemokines.
o test whether the severe colitis we observed in the mice
verexpressing VEGF-A mice was associated with an in-
rease in cytokine and chemokine production in the
ntestinal mucosa, the levels of TNF-�, the mouse ho-

olog of human interleukin (IL)-8 (KC) in the colonic
ucosa were measured in an organ culture system. After

igure 5. VEGF-A is up-regulated in mice with DSS-induced colitis, as
s its receptor VEGFR-2, but not VEGFR-1. (A) Mucosal extracts were
btained from mice undergoing DSS treatment, and their VEGF-A con-
ent was assessed by Western blotting. (B) The panels show brown
mmunohistochemical staining for VEGFR-1 and -2 in the microvascu-
ature of colonic mucosa and submucosa from histologically normal
ontrol mice (A and C) and DSS-colitic mice (B and D). The panels are
epresentative of 6 control and 7 DSS colitic mice.
olitis was established, mice that overexpressed VEGF-A o
roduced more TNF-� (0.8 � 0.1 pg/�g) and KC (45 �
pg/�g) than control mice (0.4 � 0.03 pg/�g and 20 �
pg/�g, respectively, both P � .05). Notably, mice in

hich VEGF-A was blocked produced significantly (both,
� .05) less TNF-� (0.2 � 0.04 pg/�g) and KC (7 � 1

g/�g).

Manipulation of VEGF-A Expression In Vivo
Affects Both Angiogenesis and Inflammation
In Vivo
Finally, we investigated the effects of VEGF-A on

ngiogenesis and intestinal inflammation during the
ourse of colitis. First, we measured the effects of over-
xpression of VEGF-A and sVEGFR-1 on intestinal an-
iogenesis by investigating the expression of CD31, an
stablished marker of angiogenesis, and by quantifying
icrovascular density. Mice that overexpressed VEGF-A

ad a significantly increased (P � .05) number of mi-
rovessels (112 � 8 vessel/field) compared with mice
dministered the control adenovirus (79 � 12 vessel/
eld) or healthy control mice (38 � 3 vessel/field). Im-

igure 6. Overexpression of VEGF-A increases the severity of colitis in
SS treated mice, whereas VEGFR-1 decreases the severity. (A) Mice
ndergoing DSS treatment were injected with adenoviruses encoding
EGF-A (n � 11), sVEGFR-1 (n � 9), or a control virus (n � 8) and
onitored daily for weight loss. (B) After 8 days, mice were killed and

heir colons assessed for histologic colitis. *P � .05 for mice overex-
ressing VEGF (n � 6) compared with control mice (n � 6) and for mice

verexpressing sVEGFR-1 (n � 6) vs control mice.
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ortantly, mice administered the adenovirus encoding
or sVEGR-1 had a significantly decreased (P � .05) num-
er of mucosal vessels (44 � 11 vessel/field) (Figure 7).

Second, we investigated whether VEGF-A could trigger
eukocyte adhesion to the intestinal endothelium in vivo,
hus triggering and promoting inflammation. We quan-
ified the number of adhering leukocytes in the colonic

icrocirculation by intravital microscopy, as previously
eported.45 In healthy mice, very few leukocytes adhered
o colonic venules (Figure 7D). By contrast, a large num-
er of leukocytes adhered to the colonic microvascular
ndothelium in mice with DSS-induced colitis (P � .001).
n addition, colitic mice that were also administered 1
g/g recombinant VEGF had a further significant in-

rease in leukocyte adhesion to the intestine (Figure 7D),
n effect that was abrogated if recombinant VEGF was

igure 7. Modulation of the VEGF pathway affects angiogenesis an
SS treatment were injected with adenoviruses encoding a control vi
fter 8 days of treatment. Their colons were immunostained for CD

nteractions were assessed by intravital microscopy in 3 groups of an
), and DSS colitic mice, treated with daily injections of VEGF (solid
dherent leukocytes to the endothelium per 100 �m of venule. **P �
nd colitic/VEGF treated mice.
locked by monoclonal antibodies (data not shown). V
ealthy mice treated with recombinant VEGF alone had
o significant increase of leukocyte adhesion to the in-
estinal microvascular endothelium.

Finally, compared with the intestinal vascular perme-
bility of healthy mice administered the control adeno-
irus (06 � 0.2 mg/g), permeability was not significantly
ncreased in healthy mice given the adeno-VEGF-A virus
0.7 � 0.3 mg/g, not significant.). In addition, permeabil-
ty increased when colitis was established at day 7 com-
ared with in healthy mice (5 � 0.5 mg/g, P � .05).
otably, adeno-VEGF-A transfected colitic mice dis-
layed a further abnormal and significant increase (9.3 �
.9 mg/g, P � .05) compared with untransfected DSS
olitic mice, whereas transfection with adeno-sVEGFR1
ttenuated the increase to levels below those in unin-
ected DSS colitic mice (2.6 � 0.3 mg/g), suggesting that

kocyte adhesion in mice with DSS-induced colitis. Mice undergoing
, n � 8), VEGF-A (B, n � 11), or sVEGFR-1 (C, n � 9) and were killed
nd vascular density was measured. (D) Leukocyte-endothelial cell

s: healthy mice (open bar; n � 6), DSS colitic mice (shaded bar; n �
; n � 6). Leukocyte adhesion is expressed as the number of firmly
between healthy and colitic mice; *P � .05 between colitic/placebo
d leu
rus (A
31 a
imal
bar

.001
EGF-A regulates permeability.
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Discussion
It has now been clearly established that the micro-

ascular changes associated with angiogenesis are key con-
ributors to the tissue injury and remodeling process
hat inevitably accompanies chronic inflammation.10,12,14,15

owever, the important role played by angiogenesis in
everal chronic inflammatory diseases is still being eluci-
ated.15 We and others have shown that intense angio-
enesis occurs in humans with IBD in animals with
xperimental colitis.33–35

Increasing evidence suggests that VEGF-A is one of the
ajor proangiogenic factors involved in pathologic an-

iogenesis. The expression of VEGF-A and its receptors is
levated in patients with inflammatory skin diseases that
re associated with enhanced vascularity such as psoria-
is.55,56 Similarly in human and experimental rheumatoid
rthritis, the VEGF-A pathway is strongly overexpressed
nd activated, and its blockade is clinically beneficial.57

In this study, we demonstrate activation of the VEGF
athway in the actively inflamed mucosa of patients with
BD. Expression of both VEGF-A and its receptor
EGFR-2 are enhanced in tissue biopsy specimens from

nflamed bowel segments. To test whether the proinflam-
atory milieu of the IBD mucosa can directly affect the

xpression of VEGFR-1 and -2 on the endothelium, we
nvestigated whether TNF-� or the receptor ligand
EGF-A could enhance receptor expression levels. Un-
timulated HIMEC express both VEGFR-1 and VEGFR-2,
ut only VEGFR-2 was up-regulated in response to
EGF-A or the proinflammatory cytokine TNF-�, sug-
esting that the overexpression observed in vivo in pa-
ients with IBD may be due to a mucosal milieu rich in
nflammatory mediators. We next investigated whether
he enhanced expression of VEGF-A observed in patients
ith IBD can affect the angiogenic activity of endothelial

ells using microtubule formation and migration assays.
hen HIMEC were stimulated with VEGF-A, there was

apid formation of microtubules, an effect inhibited by
n anti-VEGF antibody, which completely inhibited mi-
rotubule formation. In addition, mucosal extracts from
atients with IBD potently induced migration of
IMEC, which was again VEGF-A dependant because
igration was reduced by the anti-VEGF-A antibody.
Interestingly, besides its classical angiogenic activities,

e also found that VEGF-A can exert proinflammatory
ffects on intestinal endothelium, both in vitro and in
ivo. When the endothelium becomes inflamed, it ex-
resses enhanced levels of cell adhesion molecules. This
as also true for HIMEC that had been stimulated with
EGF-A, which caused enhanced expression of ICAM-1.
he functional consequences of expression of ICAM-1 by
IMEC were confirmed by the demonstration that they
ere able to mediate neutrophil adhesion. Taken to-
ether, these data suggest that, besides acting as an an-

iogenic mediator, VEGF-A is also an inflammatory mol- i
cule acting on mucosal endothelial cells during the
ourse of IBD.

Next, we investigated the expression of VEGF-A and its
eceptors in the DSS model of colitis. We found that the
ffects on the VEGF pathway in this experimental model
f colitis mirrored that found in humans. VEGF-A, and

ts receptors VEGFR-1 and VEGFR-2, were all expressed
nder physiologic conditions. However, after the induc-
ion of colitis, the expression of both VEGF-A and
EGFR-2 were markedly enhanced, whereas no increase

n the expression of VEGFR-1 was observed. These find-
ngs indicate that this model of colitis offers a good
latform to manipulate the VEGF pathway and thereby
ffect the course of colitis.

Adenoviruses are frequently used for the in vivo over-
xpression of proteins, and their safety for use in humans
s well established.46 Adenoviruses for overexpression of
EGF-A have previously been used to investigate VEGF-A

n several murine models of chronic inflammation, such
s atherosclerosis, arthrithis, diabetes, sepsis, and vascu-
ar inflammation.46 –50 In such models, systemic overex-
ression of VEGF-A induces generalized up-regulation of
EGFR-2 by endothelial cells in several organs.23,58,59 In
ddition, we also used an adenovirus for overexpression
f a soluble form of VEGFR-1 to block the activity of
EGF-A in vivo. Adenoviral transfer of VEGF-A overex-
resses plasma concentration nearly to 6 ng/mL, a value
omparable with the in vitro experiments we performed.
n line with our observations that expression of VEGF-A
s enhanced in humans with IBD and mice with experi-

ental colitis and that VEGF-A induces an inflammatory
henotype in HIMEC, overexpression of VEGF-A in the

ntestinal mucosa of mice with DSS-induced colitis
aused a significantly more severe disease, including in-
reased colonic cytokine and chemokine production,
ith 100% mortality by day 9. On the other hand, block-
de of VEGF-A with sVEGFR-1 significantly ameliorated
he severity of disease and decreased mucosal production
f inflammatory cytokines and eliminated mortality.

To address directly the changes that are occurring
uring manipulation of the VEGF pathway, we investi-
ated angiogenic changes in these animals. The levels of
he angiogenic marker CD31 were markedly increased in

ice overexpressing VEGF-A, whereas its blockade inhib-
ted angiogenesis. In addition, the increased leukocyte
dhesion observed by intravital microscopy during over-
xpression of VEGF-A indicates that the increased sever-
ty of inflammation results from a direct effect on the
nflammatory phenotype of the endothelial cells. Finally,
ecause VEGF-A is also a crucial gatekeeper of vascular
ermeability, we measured its effect on the regulation of

ntestinal microvascular permeability. Adeno-VEGF-A-
reated mice had an increase of Evans blue leakage, both
nder normal and colitic conditions. This effect was
educed by blockade of VEGF-A, suggesting that VEGF-A

s responsible for exacerbation of the tissue edema that
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ccompanies the colitis. However, VEGF-A induction
rovoked Evans blue leakage specifically in the gut and
ot in other tissues, leading to the premise that VEGF-A

s necessary, but not sufficient, for disease activity in
xperimental IBD.

Even though the overexpression of VEGF-A in experi-
ental colitis might induce levels that are high compared
ith those observed in humans with IBD, it provides a

ery useful tool to study the contribution of VEGF-A to
he pathogenesis of intestinal inflammation. In addition,
ombining these data with the beneficial effects of block-
de of VEGF-A observed both in vitro and in vivo, it
ompellingly supports the proinflammatory role of
EGF-A in intestinal inflammation.
In conclusion, our results identify VEGF-A as a mole-

ule intimately involved in IBD pathogenesis and one
hat acts at the crossroads between inflammatory-driven
ngiogenesis and mucosal inflammation. This suggests
hat blockade of VEGF-A may represent a new strategy to
ampen intestinal inflammation.

Supplementary Data

Note: To access the supplementary material
ccompanying this article, visit the online version of
astroenterology at www.gastrojournal.org, and at doi:
0.1053/j.gastro.2008.09.064.
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Supplementary Materials and Methods

Isolation and Culture of HIMEC

HIMEC were isolated as previously described.1

riefly, HIMEC were obtained from surgical specimens
f patients with CD and UC and from normal areas of
he intestine of patients admitted for bowel resection
ecause of colon cancer, polyps, or diverticulosis.
IMEC were isolated by enzymatic digestion of intes-

inal mucosal strips followed by gentle compression to
xtrude endothelial cell clumps, which adhere to fi-
ronectin-coated plates and were subsequently cul-
ured in MCDB131 medium (Sigma, St. Louis, MO)
upplemented with 20% fetal bovine serum (FBS), an-
ibiotics, heparin, and endothelial cell growth factor.
ultures of HIMEC were maintained at 37°C in 5% CO2,

ed twice a week, and split at confluence. HIMEC were used
etween passages 3 and 12.

Tubule Formation and Migration Assay

Endothelial cell tube formation was assessed us-
ng Matrigel (BD Biosciences, San Jose, CA), as previously
escribed.2 Briefly, multiwell dishes were coated with 250
L of complete medium containing 5 mg/mL Matrigel,
nd HIMEC were resuspended in complete growth me-
ium containing only VEGF-A or a combination of
EGF-A and anti-VEGF-A (25 �g/mL; both from R&D
ystems, Minneapolis, MN) then were seeded at a density
f 5 � 104. Cells were cultured on Matrigel for 16 hours,
nd inverted phase-contrast microscopy was used to as-
ess formation of endothelial tube-like structures. Five
igh-power fields per condition were examined, and ex-
eriments were performed in duplicate.
Chemotaxis was assessed using previously reported
ethods. Briefly, fluorescence-blocked polycarbonate fil-

ers (8-�m pore size; BD Bioscience, Franklin Lakes, NJ)
ere coated with human fibronectin (10 �m/mL) for 1
our at room temperature. Using a transwell system, 35

104 HIMEC were plated in the upper chamber in
CDB-131 medium, while the lower chamber contained

hemotaxis buffer with growing concentration of VEGF
1–50 ng/mL) as positive controls or control or IBD-
erived mucosal extracts. In some experiments, 25
g/mL of blocking antibodies against VEGF, or control
ntibody, were added to the chemotaxis buffer. After 4
ours, buffer was removed from both chambers, and
IMEC migrated onto the lower surface of the porous
embrane were washed twice in phosphate-buffered

aline (PBS) and stained with calcein for 15 minutes at
7°C. Duplicates of migrated cells were observed with
n inverted fluorescence microscope and counted in 6
andom high-power (�200) fields. Quantitative analy-
is of data was performed using the Image Pro Plus

oftware (Media Cybernetics, Inc, Bethesda, MD). e
Intravital Microscopy Study of Leukocyte-
Endothelium Interactions in the Bowel
Microvasculature
Mice were anesthetized with subcutaneous ket-

mine (150 mg/kg) and xylazine (7.5 mg/kg), and a tail
ein was cannulated. Throughout the experiments, rectal
emperature was monitored using an electrothermometer
nd was maintained between 36.5°C and 37.5°C with an
nfrared heat lamp. The abdomen was opened via a mid-
ine incision, and a segment of the distal colon was
hosen for microscopic examination, exteriorized, and
overed with a cotton gauze soaked with bicarbonate
uffer. Mice were then placed on an adjustable micro-
cope stage, and the colon was extended over a nonauto-
uorescent coverslip that allowed observation of a 2-cm2

egment of tissue. An inverted microscope (Diaphot 300;
ikon, Tokyo, Japan) with a CF Fluor 403 objective lens

Nikon) was used. A charge-coupled device camera
model XC-77; Hamamatsu Photonics, Hamamatsu, Ja-
an) with a C2400 charge-coupled device camera control
nit and a C2400-68 intensifier head (Hamamatsu Pho-
onics), mounted on the microscope, projected the image
nto a monitor (Trinitron KX-14CP1; Sony, Tokyo, Ja-
an), and the images were recorded using a videocassette
ecorder (SR-S368E; JVC, Tokyo, Japan) for off-line anal-
sis. Leukocytes were labeled in vivo by subcutaneous
njection of rhodamine-6G (Molecular Probes, Leiden,
he Netherlands). Rhodamine-6G-associated fluores-
ence was visualized by epi-illumination at 510 –560 nm,
sing a 590-nm emission filter. Single unbranched sub-
ucosal and lamina propria venules with internal diam-

ters of 25– 40 mm were selected for observation. The flux
f rolling leukocytes, leukocyte rolling velocity, number
f adherent leukocytes, venular blood flow, and venular
all shear rate were determined off-line after playback of

he videotapes, as previously described.3 Rolling leuko-
ytes were defined as those white blood cells that moved
t a velocity less than that of free-flowing leukocytes in
he same vessel. The flux of rolling leukocytes was mea-
ured as the number of rolling leukocytes that passed a
xed point within a small (10 mm) viewing area of the
essel in a 1-minute period. Leukocytes were considered
dherent to venular endothelium when stationary for 30
econds or longer and expressed as the number per
00-�m length of venule. In each animal, 3 to 6 random
enules were examined, and results were calculated as the
ean of each parameter in all venules examined.

Western Blotting Analysis
Confluent HIMEC monolayers were left unstimu-

ated or stimulated with VEGF-A (50 ng/mL) or TNF-�
50 ng/mL) both from R&D Systems) for 48 hours in
egular culture medium supplemented with 5% FBS. The
ells were lysed with extraction buffer containing 50
mol/L HEPES, pH 7.5, 150 mmol/L NaCl, 1 mmol/L
thylenediaminetetraacetic acid, 10% glycerol, 1% Triton
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-100, and 50 mmol/L protease plus 50 mmol/L phos-
hatase inhibitor cocktail (Sigma–Aldrich, St. Louis,
O). The protein concentration of lysates was measured

sing the Bio-Rad protein assay (Bio-Rad Laboratories,
ercules, CA). Immunoblotting was performed as previ-

usly described.4 Proteins (20 �g) were separated on a
0% Tris-glycine gel and electrotransferred to a nitrocel-

ulose membrane (Novex, San Diego, CA). Nonspecific
inding was blocked by incubation with 5% milk in 0.1%
ween 20/tris-buffered saline (Fisher Scientific, Hanover
ark, IL), followed by overnight incubation at 4°C with
he primary antibody: either mouse anti-human
EGF-R1 or rabbit anti-human VEGF-R2, both diluted at
:200 (Santa Cruz Biotechnology, Santa Cruz, CA).

Membranes were washed for 20 minutes in 0.1% Tween
0/tris-buffered saline and then incubated for 1 hour
ith the appropriate horseradish peroxidase-conjugated

econdary antibody, goat anti-mouse antibody, or goat
nti-rabbit antibody (1:2000, Santa Cruz Biotechnology).
he membranes were incubated with chemiluminescent

ubstrate (Super Signal; Pierce, Rockford, IL) for 5 min-
tes, after which they were exposed to film (Amersham,
rlington Heights, IL).
Colonic samples from colitic mice were frozen in liquid

itrogen at the time of removal. Following mechanical
omogenization in liquid nitrogen, specimens were pro-
essed in a lysing buffer for protein extraction as de-
cribed above. Samples were then sonicated (twice for 5
econds), and insoluble material was removed by centrif-
gation for 15 minutes at 16,000g at 4°C. The concen-
ration of proteins in each lysate was measured using the
io-Rad protein assay (Bio-Rad Laboratories). Immuno-
lotting was performed as described above, using the
abbit anti-mouse VEGF-A (R&D Systems).

Migration Assay
Chemotaxis was assessed as previously reported,5,6

ith some modifications. Briefly, fluorescence-blocked
olycarbonate filters (8-�m pore size; BD Bioscience,
ranklin Lakes, NJ) were coated with human fibronectin

10 �g/mL) for 1 hour at room temperature. By using a
ranswell system, HIMEC were plated in the upper cham-
er in MCDB-131 medium, whereas the lower chamber
ontained chemotaxis buffer with VEGF-A (50 ng/mL) as
ositive controls or control or IBD-derived mucosal ex-
racts. In some wells, 25 �g/mL of blocking antibodies
gainst VEGF-A or control antibody were added to the
hemotaxis buffer. After 4 hours, buffer was removed
rom both chambers, and the HIMEC that had migrated
nto the lower surface of the porous membrane were
ashed twice in PBS and stained with calcein for 15
inutes at 37°C. Duplicates of migrated cells were ob-

erved with an inverted fluorescence microscope and
ounted in 6 random high-power (�200) fields. Quanti-
ative analysis of data was performed using the Image Pro

lus software (Media Cybernetics, Silver Spring, MD). c
ucosal extracts from control patients or from patients
ith IBD were also applied, then the same experimental

onditions were used. Mucosal extracts were obtained as
escribed above.

Induction of Colitis in Mice
Animal studies were approved by the Ethical

ommittee of the Istituto Clinico Humanitas and Hos-
ital Clinic y Provincial, Barcelona, Spain. Colitis was

nduced in C57BL/6N mice by administration of 2.5%
SS (molecular mass, 40 kilodaltons; MP Biomedicals,
leveland, OH) in filter-purified (Millipore Corporate,
illerica, MA) drinking water for 10 days. The severity of
olitis was assessed on a daily measurement of weight
oss.3,7

For each animal, histologic examination was per-
ormed on 3 samples from the distal colon; samples were
xed in 10% formalin before staining with H&E. All
istologic quantification was performed blinded using a
coring system that has previously been described.3,7

hree independent parameters were measured: severity of
nflammation (0 –3: none, slight, moderate, severe), ex-
ent of injury (0 –3: none, mucosal, mucosal and submu-
osal, transmural), and crypt damage (0 – 4: none, basal
ne-third damaged, basal two-thirds damaged, only sur-
ace epithelium intact, entire crypt and epithelium lost).
he score of each parameter was multiplied by a factor

eflecting the percentage of tissue involvement (�1, 0%–
5%; �2, 26%–50%; �3, 51%–75%; �4, 76%–100%), and all
umbers were summed. The maximum possible histo-

ogic score was 40. Mice were killed every other day for
ssessment of the expression of VEGF-A in mucosal ex-
racts.

In Vivo Overexpression of VEGF-A and
sVEGFR-1 Using Adenovirus
Mice were injected with the adenovirus (1 � 109

laque-forming units) into their tail vein 2 days prior to
he administration of DSS, at the following doses: 250 �g
f the VEGF-A adenovirus, 250 �g of the VEGFR-1 ade-
ovirus, and 250 �g of the LacZ adenovirus. To test
hether the virus localizes in the intestine, healthy mice
ere injected with adenovirus-LacZ or adenovirus-vector.
fter 8 days, mice were killed then the colon was fixed in
% paraformaldehyde for 3 hours at room temperature
nd incubated in X-gal solution overnight at 37°C. The
arget tissue samples were then placed in PBS and exam-
ned under a dissecting microscope to detect lacZ-ex-
ressing cells macroscopically. In addition, histologic sec-
ions were counterstained with nuclear fast red under �40

agnification, and X-gal-positive cells (blue-stained cells)
er sample were counted in a blinded manner. In some
xperiments, the pathogenic effect of VEGF was tested by
aily administration of intraperitoneal injections of re-

ombinant VEGF-A (1 �g/g). Bulk quantities of VEGF
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re provided free of charge by the BRB Preclinical Repos-
tory of the NCI (web.ncifcrf.gov/research/brb/preclin/).

Enzyme-Linked Immunosorbent Assay
Circulating VEGF-A was measured in blood and

ucosal biopsy extracts using an enzyme-linked immu-
osorbent assay (ELISA), according to the manufactur-
r’s instructions (R&D Systems). To determine the circu-
ating levels of VEGF-A, blood was collected from control
ndividuals and patients with IBD and diluted 1:10 in the
nticoagulant sodium citrate (0.13 mol/L). The concen-
ration of VEGF-A was then assessed and expressed as
g/mL. Mucosal VEGF-A was assessed in endoscopic bi-
psy specimens collected from the actively inflamed mu-
osa of patients with UC and CD and from normal areas
f the colons of control individuals undergoing colonos-
opy for non-IBD- or inflammatory-related bowel dis-
ases. Biopsy samples were homogenized and sonicated
n ice in extraction buffer (10 mmol/L Tris-HCl, pH 7.4,
50 mmol/L NaCl, 1% Triton X-100) supplemented with
cocktail of protease inhibitors. Samples were centri-

uged at 900g for 15 minutes, then the supernatants were
ollected and stored at �80°C. The protein concentra-
ion was measured using the Bio-Rad protein assay as per

anufacturer’s instructions (Bio-Rad Laboratories)8,
hen the concentration of VEGF-A was expressed as
g/�g of protein.
Measurement of VEGF-A and sVEGFR-1 in the plasma

f adenoviral transfected mice was performed by ELISA,
ccording to the manufacturer’s instructions (R&D Sys-
ems). For measurement of colonic cytokines, colons
rom all mice were excised, opened, and cut longitudi-
ally into 3 parts. One part was washed in cold PBS
upplemented with penicillin, streptomycin, and ampho-
eracin B (BioWhittaker, Cambrex, East Rutherford, NJ)
nd incubated in serum-free RPMI 1640 medium with
.1% FBS, penicillin, streptomycin, and amphoteracin B,
t 37°C in 5% CO2. After 24 hours, the supernatant was
ollected, centrifuged, and stored at �20°C. Superna-
ants were analyzed for TNF-� and KC content in dupli-
ate using commercially available ELISA kits, as previ-
usly reported (R&D Systems).3

Immunostaining of Mucosal Expression of
VEGFR-1 and -2 in Human and Murine
Colonic Tissues and CD31 in Murine Colonic
Tissues
Immunostaining was performed as previously de-

cribed.5 Briefly, paraffin-embedded intestinal sections of
istologically normal control and IBD-involved and -un-

nvolved mucosa and of mice were cut into 3-�m slices,
eparaffinized then hydrated, blocked for endogenous
eroxidase using 3% H2O2/H2O, then subjected to micro-
ave epitope enhancement using a Dako Target retrieval

olution (Dako, Carpenteria, CA). Incubation with a pri-
ary antibody; mouse anti-human VEGFR-1 or rabbit
nti-human VEGFR-2 (both from Santa Cruz Biotech- c
ology); and rabbit anti-mouse VEGF-R1 (Abcam, Cam-
ridge, MA), rabbit anti-mouse VEGFR-2 (Gene Tex, San
ntonio, TX), or anti-mouse CD31 (Santa Cruz Biotech-
ology) was performed at a 1:50 dilution for 1 hour at
oom temperature. Detection was achieved with a stan-
ard streptavidin-biotin system (Vector Laboratories,
urligame, CA), and antigen localization was visualized
ith 3’,3-diaminobenzidene (Vector Laboratories). Muco-

al vascularization was quantified as reported.9 Stained
olonic sections were scanned at low power (�40) to
etect the most vascularized area, after which at least 5
icrophotographs at high magnification (�200) were

aken.
Quantification of VEGFR-1 and -2 expression was per-

ormed on immunostained sections by a semiquantita-
ive method (scores from 0 to 3), as previously described.3

or microvessel density analysis, counts were performed
s previously reported.7

Analysis of HIMEC by Flow Cytometry
Detection of expression of ICAM-1 and VCAM-1

n HIMEC was performed by flow cytometry as previ-
usly described.10 Briefly, HIMEC were plated onto plas-
ic in unsupplemented media for 48 hours then exposed
o 50 ng/mL of VEGF or TNF-�. After 24 hours, HIMEC
ere rapidly trypsinized, washed twice, and incubated
ith PE mouse anti-human ICAM-1 and phycoerythrin
ouse anti-human (both from BD Pharmingen, San Di-

go, CA) or isotype control antibody for 30 minutes on
ce, washed again, and incubated with a mouse second-
ry-fluorescein isothiocyanate conjugated antibody. After
dditional washing, HIMEC were analyzed by quantita-
ive flow cytometry using a Coulter Epics XL Flow Cy-
ometer (Beckman Coulter, Inc, Fullerton, CA). Each
nalysis was performed on at least 10,000 events. ICAM-1
xpression was quantified using the Winlist software pro-
ram (Verity Software House, Topsham, ME).

HIMEC-Neutrophil Adhesion Assay
Adhesion assays were performed as previously re-

orted.3,10 Neutrophils were isolated from healthy controls
rom peripheral blood and utilized for the adhesion assay.1

onfluent HIMEC monolayers were left alone or stimulated
ith 50 ng/mL TNF-�. After 1 hour, 106 calcein (Molecular
robes, Eugene, OR)-labeled neutrophils were overlaid and
llowed to adhere at 37°C in a 5% CO2 incubator. In some
xperiments, HIMEC were preincubated for 2 hours at
7°C with 5 �g/mL of polyclonal anti-ICAM-1 neutralizing
r control antibodies (R&D Systems). Following 1 hour of
oculture, nonadherent neutrophils cells were removed by 3
equential rinsings and washing with cold PBS. Fluorescent
dherent cells were quantified in 10 randomly selected fields
y an imaging system (Image Pro Plus; Media Cybernetics,
ilver Spring, MD) connected to an Optronics Color digital

amera (Olympus, Tokyo, Japan) on an inverted fluores-

http://web.ncifcrf.gov/research/brb/preclin/
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ence microscope. All experiments were performed in du-
licate wells and results expressed as adherent cells/mm2.

Measurement of Intestinal Microvascular
Permeability
For quantification of intestinal vascular perme-

bility, we used Evans blue that binds to albumin. Its
eakage reflects increased vascular permeability of mac-
omolecules. Adeno-VEGF-A- and adeno-sVEGFR-1-
reated mice, as well as control mice, were anesthetized,
nd Evans blue (0.4 mg/100 g in PBS) was injected
ntravenously 15 minutes before death. Colons were
hen removed and rinsed, Evans blue was extracted
rom the tissue using chloroform and measured by
pectroschometry at 520 nm, and results were ex-
ressed as milligrams dye/grams wet weight colon.

Statistical Analysis
Data were analyzed by Graphpad software (San

iego, CA) and expressed as mean � SEM. Student t test
r analysis of variance followed by the appropriate post
oc test was used when appropriate. Statistical signifi-
ance was set at P � .05.
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upplementary Figure 1. Adenoviral transfection induced sustained
lasmatic levels of VEGF-A and sVEGFR-1. Mice were transfected with
n adenovirus encoding for VEGF-A, sVEGFR-1, or a control adenovi-
us. Mice were killed every other day, and the plasmatic concentrations
f VEGF-A (A) and sVEGFR-1 (B) were measured by ELISA. Data rep-
esent mean � SEM (mice � 3 per each time point).
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