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Inflammatory bowel diseases (IBDs) are chronic in-
flammatory disorders of the intestinal tract with un-
known multifactorial etiology that, among other
things, result in alteration and dysfunction of the
intestinal microvasculature. Clinical observations of
increased colon microvascular density during IBD
have been made. However, there have been no re-
ports investigating the physiological or pathological
importance of angiogenic stimulation during the de-
velopment of intestinal inflammation. Here we report
that the dextran sodium sulfate and CD4* CD45RB™="
T-cell transfer models of colitis stimulate angiogene-
sis that results in increased blood vessel density con-
comitant with increased histopathology, suggesting
that the neovasculature contributes to tissue damage
during colitis. We also show that leukocyte infiltra-
tion is an obligatory requirement for the stimulation
of angiogenesis. The angiogenic response during exper-
imental colitis was differentially regulated in that the
production of various angiogenic mediators was diverse
between the two models with only a small group of
molecules being similarly controlled. Importantly,
treatment with the anti-angiogenic agent thalidomide or
ATN-161 significantly reduced angiogenic activity and
associated tissue histopathology during experimental
colitis. Our findings identify a direct pathological link
between angiogenesis and the development of exper-
imental colitis, representing a novel therapeutic tar-
get for IBD. (4Am J Pathol 2006, 169:2014-2030; DOI:
10.2353/ajpath.2006.051021)
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The inflammatory bowel diseases (IBDs), including
Crohn'’s disease and ulcerative colitis, are chronic inflam-
matory disorders of the intestinal tract that are thought to
arise from a complex interaction among the environment,
the immune system, and genetics of affected individu-
als.”® Although the specific causes of IBD are not well
understood, several hallmark pathological features have
been defined. The pathology of IBD invariably involves a
chronic inflammatory cycle characterized by leukocyte
infiltration, intestinal mucosa damage, ulceration, and re-
generation. Recent clinical studies of active IBD have
alluded to an increase in angiogenesis.®” These studies
suggest that stimulation of angiogenesis may play an
important pathophysiological role in establishing and
sustaining tissue inflammation, thereby playing an inte-
gral role in IBD pathology. Specifically, Spalinger and
colleagues® have reported increased vessel density with
Doppler ultrasonography during active Crohn’s disease
that is not enhanced in unaffected tissue or during dis-
ease remission. Moreover, a report by Fishman and col-
leagues® has demonstrated long-term remission of an
individual with active Crohn’s disease using the anti-
angiogenic agent thalidomide. However, the pathological
nature and importance of increased angiogenesis during
IBD or experimental colitis is not known.

Angiogenic cytokine production has been reported to
be elevated during IBD, possibly governing increased
neovascularization during disease. Serum from IBD pa-
tients was reported to contain elevated concentrations of
vascular endothelial growth factor (VEGF)-A during ac-
tive disease versus remission.® "' A recent report by
Konno and colleagues'® has also shown elevated local
tissue concentrations of VEGF-A in IBD specimens that
may be more relevant in relation to IBD pathology, as it
has been shown that local microenvironment tissue levels
of VEGF-A are key in determining normal versus patho-
logical angiogenesis.'>'® Moreover, studies have also
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shown increases in serum levels of basic fibroblast
growth factor (b-FGF) and transforming growth factor
(TGF)-B in patients with active ulcerative colitis (UC) or
Crohn’s disease (CD).'™®' Together, these reports
clearly demonstrate that angiogenic cytokines are in-
creased in patients with active IBD. However, no infor-
mation is available regarding distinct expression profiles
of pro- versus anti-angiogenic molecules during colitis.

Increased leukocyte infiltration is a hallmark feature of
IBD and experimental colitis, with T cells, monocytes, and
neutrophils contributing to disease initiation and subse-
quent tissue damage.'®~'® In addition to their role in the
inflammatory response, leukocytes may also regulate an-
giogenic activity. Several studies have shown that various
leukocyte types produce diverse angiogenic factors and
can also modify extracellular matrix thereby promoting
neovascularization.’® 2" Neutrophils have been reported
to be significant sources of cytokines, such as interleukin
(IL)-8 and VEGF, as well as matrix metalloproteinases
(MMP-2 and -9) that are released at the site of inflamma-
tion to regulate angiogenesis.?>23 Monocytes and mac-
rophages also have corresponding roles in angiogenesis
as sources of cytokines such as VEGF, FGFs, interfer-
on-v, tumor necrosis factor (TNF)-a, and many oth-
ers.?*72® |t is widely accepted that T cells regulate 1BD
pathogenesis through the production of proinflammatory
cytokines, such as Thi1 cytokines, that are primarily
proangiogenic concomitant with reduced production of
regulatory cytokines, such as Th2 cytokines, that may
have angiostatic or anti-angiogenic effects.?”2° There-
fore, infiltrated T cells could elicit diverse angiogenic
regulation through the production of a wide array of an-
giogenic molecules including Th1 and Th2 cytokines and
chemokines. Thus it is very likely that leukocyte infiltration
with concomitant production of angiogenic mediators fa-
cilitates neovascularization and chronic inflammation ob-
served in IBD.

Here we examine the hypothesis that increased an-
giogenic activity plays an important pathological role in
two different models of experimental colitis. Data con-
tained herein demonstrate that blood vessel density
increases during colitis and strongly correlates with
pathological scores of affected tissue. Moreover, we
report that angiogenic stimulation in both models
shows some similarities, as well as distinct differences,
in angiogenic gene and protein profile expression,
demonstrating a diverse angiogenic response. Data
are also presented that demonstrate an essential re-
quirement of leukocyte infiltration for angiogenic stim-
ulation during colitis. Last, we report that anti-angio-
genic intervention significantly attenuates leukocyte
infiltration and tissue damage associated with experi-
mental colitis, indicating that increased angiogenesis
during colitis plays an important pathological role dur-
ing disease. Together, these data provide compelling
evidence for an important pathophysiological role of
increased angiogenic activity during experimental co-
litis and highlight the potential for anti-angiogenic in-
tervention as a novel therapeutic target for IBD.
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Materials and Methods

Animals

Mice used for this study were bred and housed at the
Association for Assessment and Accreditation of Labora-
tory Animal Care, international-accredited Louisiana
State University Health Sciences Center-Shreveport
animal resource facility and maintained according to
the National Research Council's Guide for Care and
Use of Laboratory Animals. CD18-null™/~ (/tgh2™m25)
C57BL/6J and wild-type C57BL/6J mice were bred in-
house. Male Rag-1~/"-null (Rag7t™'™°™) C57BL/6J
mice were obtained from Jackson Laboratories (Bar
Harbor, ME).

3% Dextran Sodium Sulfate (DSS) and
CD4*CD45RB"" T-Cell Transfer Models of
Experimental Colitis

The 3% DSS and CD4"CD45RB"9" T-cell transfer mod-
els of colitis were performed as previously reported. %30
Ten- to 12-week-old wild-type or CD18 ' -null male
C57BL/6J mice were administered 3% DSS (TDB Con-
sultancy AB, Uppsala, Sweden) in their drinking water for
6 days. Control cohorts were given regular drinking wa-
ter. Animals were monitored for symptoms of disease
progression as previously reported and sacrificed on the
7th day for analysis of various parameters described
below. The 3% DSS cyclic colitis model was performed
with slight modifications as previously reported.®' In
brief, 3% DSS was administered for 5 days (on) and then
switched to regular water for another 5 days (off). This
cycle was repeated three times, and mice were sacri-
ficed at the end of the third off cycle.

CD4*"CD45RBM9" T-cell-dependent colitis was in-
duced in male Rag-1-null mice between 10 and 12 weeks
of age using CD4" T cells from the spleens of donor
female C57/B6J mice as previously reported.’®32 In brief,
CD4™ T cells were enriched using the MACS system from
Miltenyi Biotech for negative selection by magnetic cell
sorting. Cells were then labeled with anti-fluorescein iso-
thiocyanate (FITC) microbeads, and unlabeled cells were
separated on a depletion column (column type CS; Mil-
tenyi Biotech, Auburn, CA). Enriched CD4™ T cells were
labeled with biotin-conjugated anti-CD4 monoclonal an-
tibody followed with streptavidin-670 and phycoerythrin-
conjugated anti-CD45RB monoclonal antibody (PharMin-
gen, La Jolla, CA) and fractioned into CD4*CD45RB"M9"
and CD4"CD45RB"" cell populations by two-color sort-
ing on a FACS Vantage (Becton, Dickinson and Com-
pany, Mountain View, CA). The CD45RB"¢" population
was defined as the brightest 40% and that of the
CD45RB'" were the dimmest 15%. Next, 5 X 10°
CD4"CD45RBM9" or CD4"CD45RB"™" cells were in-
jected intraperitoneally in 500 ul of phosphate-buffered
saline (PBS). Animals were monitored throughout 8
weeks for the development of experimental colitis and
sacrificed at the end of week 8 for analysis of the various
parameters described below.
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Histopathological Scoring of Experimental
Colitis

Pathological scoring of paraffin-embedded hematoxylin
and eosin (H&E)-stained sections of the distal colons
from DSS and CD4*"CD45RBM" T-cell transfer experi-
mental colitis mice was performed in a double-blinded
manner. Histopathological scoring of DSS-treated colons
was performed as previously reported.®° In brief, these
are severity of inflammation, scored 0 to 3 for none, slight,
moderate, and severe; depth of injury, scored 0O to 3 for
none, mucosal, mucosal, and submucosal, transmural;
and crypt damage, scored 0O to 4 for none, basal one-
third damaged, basal two-thirds damaged, only surface
epithelium intact, entire crypt epithelium lost. Each sam-
ple received a score of 0 to 40 based on multiplying the
score of each parameter by the percentage of tissue
involvement (X1, 0 to 25%; X2, 25 to 50%; X3, 50 to
75%; X4, 75 to 100%) and summing these values. His-
topathological analysis of CD4*CD45RB"9"-induced co-
litis was performed as previously reported.'® Eight pa-
rameters were used and included 1) the degree of
inflammation in the lamina propria (range, 1 to 3); 2)
goblet cell loss indicative of mucin depletion (range, 0 to
2); 3) reactive epithelial hyperplasia/atypia with nuclear
changes (range, 0 to 3); 4) number of intragpithelial lym-
phocytes in the epithelial crypt (range, 0 to 3); 5) abnor-
mal crypt architecture (range, 0 to 3); 6) number of crypt
abscesses (range, 0 to 2); 7) mucosal erosion to frank
ulceration (range, 0 to 2); and 8) submucosal spread to
transmural involvement (range, O to 2). The severity of
inflammatory changes is based on the sum of the scores
in each parameter with a maximal score of 20.

Determination of Tissue Angiogenic Index

Distal colon segments from both models were frozen in
OCT compound (Sakura Finetek USA, Inc., Torrance,
CA). Ten-um frozen cross-sections were fixed with 95%
ethanol/5% glacial acetic acid for 20 minutes at —20°C,
washed three times with PBS, blocked with 5% horse
serum/PBS, and then stained with anti-mouse PECAM-1
(CD31) antibody (BD PharMingen) diluted 1:200 in PBS/
0.05% horse serum followed by Cy3-conjugated anti-rat
antibody diluted 1:250 in PBS with 0.05% horse serum.
Slides were then mounted with Vectashield mounting
medium containing 4,6-diamidino-2-phenylindole (DAPI)
nuclear counterstain (Vector Laboratories, Inc., Burlin-
game, CA). Digital images were taken at a magnification
of X200 on a Nikon Eclipse TE2000-S epifluorescent
scope (Melville, NY) using Texas Red and DAPI excita-
tion/emission filters in conjunction with a Hamamatsu
Orca-ER digital camera (Bridgewater, NJ). The total pixel
density of PECAM-1 and DAPI staining was quantified for
each image using Simple PCI software (C-Imaging Sys-
tems; Compix Inc., Sewickley, PA). All imaging settings
for each respective fluorochrome were kept constant be-
tween specimens and the amount of PECAM-1 and DAPI
pixel density measured using the image processing and
analysis feature of Simple PCI. Total PECAM-1 pixel den-

sity was divided by the total DAPI pixel density for each
image to calculate a vascular density ratio referred to as
the angiogenic index.

Dual Radiolabel Antibody Measurement of
Vascular Surface Area

A PECAM-1 dual radiolabel assay was used to quantify
vascular surface area in the colons of DSS and
CD4"CD45RBM9" T-cell transfer experimental colitis
mice. On completion of the experimental protocols, the
animals were volume exchanged with radiolabeled PE-
CAM-1 and control antibodies as previously reported.>3
Binding antibodies against PECAM-1 were labeled with
25| (DuPont NEN, Boston, MA), and nonbinding control
antibodies were labeled with *' (DuPont NEN) using the
chloramine T method with resulting specific activities of
0.5 uCi/ug. Animals were anesthetized with xylazine/
ketamine, and the carotid artery and jugular vein were
cannulated and injected with the radiolabeled antibodies
through the jugular vein with 0.2 ml of heparinized saline.
After 4 minutes and 45 seconds, 250 wl of blood was
obtained from the carotid line to determine end-point
binding. The animal was then flushed with 6 ml of bicar-
bonate-buffer salt solution at pH 7.4 through the jugular to
clear the thoracic organs. The inferior vena cava was
then cut, and the animal was flushed with 15 ml of bicar-
bonate-buffer salt solution through the carotid to clear the
abdominal organs. Organs were then harvested and
weighed, and the activity of 21 and "'l in the colons
was measured using a 14800 Wizard 3 gamma counter
(Wallac Instruments, Wellesley, MA) with automatic cor-
rection for background activity and spillover. The total
injected activity in each experiment was calculated by
counting a 2-ul sample of the radiolabeled monoclonal
antibody (mAb) mixture. The radioactivities remaining in
the tube used to mix the mAbs and the syringe used to
inject the mixture were subtracted from the total injected
activity. PECAM-1 antibody binding was calculated by
subtracting the accumulated activity per gram of tissue of
the nonbinding mAb from the activity of the binding mAb
and expressed as micrograms of mAb per gram of tissue
using the following equation: (ug mAb/g) = {[%ID['2°I/g
tissue] — %ID['®'l/g tissue] X %ID('?°I)plasma/%ID
(**")plasma} X total binding mAb (ung)/100, where 1D
represents injected dose.

FITC-Labeled Lycopersicon esculentum Lectin
Labeling of Colon Vasculature

FITC-labeled L. esculentum lectin (Vector Laboratories)
labeling was used to independently validate the PE-
CAM-1 staining technique and to evaluate if the neovas-
culature was perfused. Lectin labeling of the vasculature
in distal colons of DSS and CD4*CD45RB"9" T-cell
transfer colitis models was performed as previously re-
ported.®* On completion of the colitis protocols, mice
were anesthetized, and the inferior vena cava was can-
nulated. One hundred ug of the lectin in 100 wul of 0.9%



NaCl was perfused into the tail vein. The lectin was al-
lowed to circulate for 2 minutes before fixative, 0.5%
glutaraldehyde and 1% paraformaldehyde in PBS, was
perfused through the vena cava. Eight-um frozen cross-
sections were made using the same tissue processing
method described for PECAM-1 staining. The slides were
then mounted in DAPI Vectashield mounting medium
(Vector Laboratories) and analyzed for FITC-lectin pixel
density to determine a lectin angiogenic index. Additional
sections were also stained for PECAM-1 and three-color
images acquired (PECAM-1, lectin, and DAPI).

Angiogenesis Gene Array

Mouse Angiogenesis Gene Array kits from SuperArray
Biosciences Corp., Frederick, MD, were used to assay
levels of angiogenic gene expression in experimental
colitis. Total RNA was isolated from colon tissue of DSS
and CD4*"CD45RB"9" colitic and control mice as previ-
ously reported.'®3° Colon samples were snap-frozen in
liquid nitrogen and then ground with a mortar and pestle
kept cold on liquid nitrogen. Samples were then placed in
Dounce homogenizers containing 600 ul of buffer RLT as
specified by Qiagen’s RNeasy protocol (Qiagen, Valen-
cia, CA). RNA isolation was performed according to the
manufacturer’s protocol. RNA concentration and purity
were measured by UV absorbance at 260 nm and
280 nm.

Gene array membranes were prehybridized using the
GEAhyb hybridization solution containing sheared
salmon sperm DNA and incubated at 60°C for 2 hours
using a VWR Scientific Products (West Chester, PA) hy-
bridization oven. Probe synthesis was done according to
the GE Array Ampo Labeling-LPR kit protocol using total
RNA from colon tissue. After prehybridization, the labeled
cDNA probes were denatured and added to the arrays.
Gene arrays were hybridized overnight at 60°C at 10
rotations per minute. Arrays were then washed three
times in 1X standard saline citrate and washed again
three times in 0.1X standard saline citrate. The arrays
were then blocked for 1 hour in blocking buffer and
incubated with alkaline phosphatase for 1 hour in 1X
buffer F (SuperArray). The arrays were then washed and
incubated in CPD star for 5 minutes and exposed to Blue
Bio film (Denville Scientific, Inc., Metuchen, NJ) and de-
veloped using a Konica SRX-101 film developer (Konica
Inc., Ramsey, NJ).

VEGF-A Western Blotting and Serum and
Tissue Enzyme-Linked Immunosorbent Assays
(ELISAS)

VEGF-A Western blot and ELISA were performed as pre-
viously reported.®®37 Serum was obtained from controls,
DSS-treated, and CD4*CD45RB"S"-treated mice as fol-
lows. A retro-orbital bleed was used to collect ~1 ml of
blood from all mice at the time of death. These samples
were kept on ice for 30 minutes and then spun at 3000
rom for 10 minutes to obtain serum. Serum was collected
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in 50-ul aliquots and stored at —80°C. Tissue lysates
were made from 15- to 20-mm segments of distal colon
tissue from controls, DSS, and CD4"CD45RB™" colitic
mice as follows. Samples were snap-frozen in liquid ni-
trogen and later homogenized in 500 wl of radioimmuno-
precipitation assay lysis buffer containing protease inhib-
itors. The homogenized tissue was placed in a 1.5-ml
microcentrifuge tube and spun for 30 minutes at 12,000
rpm at 4°C. The supernatant was removed and placed in
a clean microcentrifuge tube and spun down two more
times to obtain a clear lysate. The samples were ali-
quoted, and the protein concentration determined using
the Bio-Rad DC protein assay kit (Bio-Rad, Hercules,
CA).

VEGF-A Western blot analysis was performed as pre-
viously reported.3¢37 In brief, 50 ug of total protein from
each sample was separated using 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis at 150 V. Pro-
teins were transferred to Immuno-Blot polyvinylidene di-
fluoride membrane (Bio-Rad) and subsequently blocked
for 6 hours at 4°C in 5% milk TBS-T. Polyclonal anti-
murine VEGF-A, 4, antibody (Peprotech, Inc., Rocky Hill,
NJ) was applied at a concentration of 2 ug/ml and incu-
bated overnight at 4°C. Anti-rabbit IgG-horseradish per-
oxidase-linked secondary antibody (Amersham Bio-
sciences, Arlington Heights, IL) was applied at a 1:2000
dilution and incubated for 3 hours at room temperature in
5% milk TBS-T. The membrane was then incubated in
ECL Western blotting detection reagents (Amersham Bio-
sciences) for 10 minutes, exposed to Blue Bio film (Den-
ville Scientific, Inc.), and developed using a Konica SRX-
101 film developer (Konica, Inc.).

Quantitative measurement of VEGF-A levels was per-
formed using a mouse VEGF-A ELISA kit according to the
manufacturer’s protocol (Oncogene, Boston, MA). In
brief, 50 ul of assay diluent RD1N was pipetted into each
well along with 50 ul of the samples and mixed by shak-
ing the plate for 1 minute. The plate was then sealed and
incubated at room temperature for 2 hours. Wells were
washed five times with 1X wash buffer, and 100 ul of 1X
mouse VEGF conjugate concentrate was then added to
each well. The plate was again sealed and incubated for
2 hours. Wells were washed five times, and 100 ul of
substrate solution was then added and incubated for 30
minutes. The reaction was terminated using 100 ul of
stop solution and then read on a TECAN GENios Plus
multiscan plate reader (Phenix Research Products, Can-
dler, NC) at dual wavelengths of 450/540 nm.

Use of Anti-Angiogenic Agents during
Experimental Colitis

Ten- to 12-week-old wild-type C57BL/6J mice undergo-
ing DSS-induced colitis were treated with the anti-angio-
genic agent thalidomide (Calbiochem, La Jolla, CA).
Thalidomide (200 mg/kg) in dimethyl sulfoxide was ad-
ministered intraperitoneally on days 0, 2, 4, and 6 of the
model. Control animals were injected with an equal
amount of dimethyl sulfoxide alone at the same time
points. Colon tissue was harvested and processed for
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H&E pathological scoring and angiogenic index determi-
nation as described above.

ATN-161 (Ac-PHSCN-NH2), a 5-mer peptide that
binds to asB; and «yBs, was used in the
CD4"CD45RB"9" colitis model to evaluate the effects
of target-specific anti-angiogenic intervention.®® Two
weeks after CD4"CD45RB"9" reconstitution of Rag-1-
deficient mice, 1 mg/kg ATN-161 (active peptide) or
ATN-163 (scrambled peptide) in PBS was adminis-
tered by intraperitoneal injection three times a week for
the remaining 6 weeks of the study protocol. On com-
pletion of week 8, animals were sacrificed, and tissue
was processed for various parameters described
above.

Leukocyte Adhesion Under Hydrodynamic Flow
Conditions

Hydrodynamic parallel plate flow chamber studies
were performed as we have previously reported.®® In
brief, freshly isolated mouse splenocytes were labeled
with a fluorescent dye by 30-minute incubation at 37°C
with 200 nmol/L Cell Tracker Green purchased from
Molecular Probes, Eugene, OR. The labeled cells were
resuspended in Hanks’ balanced salt solution at 2 X
10° cells/ml in a 200-ml beaker kept at 37°C and stirred
at 60 revolutions per minute. A Glycotech flow chamber
insert and gasket were used to form a laminar plate
flow chamber that could be viewed on a microscope.
Labeled splenocytes mixed with or without ATN-161
(10 wg/ml) were drawn from the beaker into the flow
chamber across a monolayer of either unstimulated or
TNF-a (10 ng/ml)-stimulated murine endothelial cells at
a physiological shear rate of 1.5 dynes/cm? using a
programmable digital syringe pump. The fluorescent
cells were visualized using a Nikon Eclipse TE-2000
epifluorescent  microscope  equipped with a
Hamamatsu digital camera, and digital video was cap-
tured at 29 images/second using SIMPLE PCI software
from Compix. Firmly adherent cells were counted and
defined as cells that did not move one cell diameter
throughout a 5-second period as determined by auto-
mated tracking and manual review of individual cells in
each experimental field of view.

Statistical Analysis

Control versus colitis data were compared against one
another for each model of colitis. Statistical analysis of the
data were determined using a Student’s t-test with a
value of P < 0.05 required to achieve significance. Tem-
poral comparisons were performed by one-way analysis
of variance with Dunnett’s posttest. A value of P < 0.05
was required to achieve significance. n values for each
experiment are reported in the figures. Data are reported
as mean = SE.

Results

Pathological Features of Experimental Colitis

Several different models of experimental colitis have
been reported that display various pathophysiological
aspects of IBD disorders including CD and UC."4° Al-
though no model serves as a complete surrogate for
human disease, many salient clinical features can be
examined depending on the agent or method used to
induce experimental colitis. In this study, we used the
DSS and CD4*CD45RB"9" T-cell transfer models of co-
litis, which manifest similar disease characteristics of UC
and CD. DSS induces colitis primarily by irritation and
denudation of surface epithelium that quickly results in
weight loss, loose stool/diarrhea, and occult and gross
rectal bleeding.*'*? We analyzed vehicle control and
DSS-treated distal colons of C57/B6J mice. Prominent
mucosal and submucosal leukocyte infiltrates were ob-
served in 3% DSS-treated colons along with severe ero-
sion of the epithelial cell layer often resulting in ulceration,
significant mucosal/crypt damage, and submucosal
edema. Lesions were intermittently located within the
colon with the majority of histopathological changes ob-
served in the distal segment (data not shown).
CD4*CD45RB"¢" T-cell-induced colitis results from dif-
ferential expansion of Th1 cells in Rag-1~/~ mice, driven
by enteric bacteria.*>** Similar, but less severe, leuko-
cyte infiltration was observed in the CD4"CD45RBM9"
T-cell transfer model along with moderate erosion of the
epithelial cell layer and mucosal/crypt damage com-
pared with CD4*CD45RB'*" control colons that do not
develop disease (data not shown). Blinded analysis of
the histopathology was done, and the scoring of patho-
logical changes showed a significant increase in his-
topathological scores in both models, these being 23-
and 17-fold in the DSS and CD4*CD45RB"¢" models,
respectively, with the DSS model displaying greater dis-
ease severity. Together, these models display several
important inflammatory pathophysiological features of
human IBD.

Measurement of Blood Vessel Density in
Experimental Colitis

Several clinical reports of IBD have observed an increase
in colon vascular density during active disease.®” How-
ever, no studies have examined the vascular density of
actively inflamed colons from experimental models of
colitis. Therefore, we used the well-established technique
of anti-PECAM-1 (CD31) immunohistochemistry to mea-
sure changes in vascular density between the two colitis
models.*>~*8 Figure 1, A and B, illustrates the amount of
PECAM-1 staining (red) in control and DSS-treated distal
colons, respectively. Figure 1, C and D, shows secondary
antibody control and DAPI alone staining of DSS-treated
colons, respectively. Likewise, Figure 1, E and F, illus-
trates the amount of PECAM-1 staining in control
CD4"CD45RB""™ colons and CD4*CD45RB"" colons,
respectively. Figure 1, G and H, demonstrates secondary
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Figure 1. PECAM-1 blood vessel density measurement during experimental
colitis. Vascular density of normal and diseased colons was determined by
staining frozen sections with anti-PECAM-1 antibody (red) followed by DAPI
nuclear counterstaining (blue). A: PECAM-1 staining of normal DSS vehicle-
treated colon tissue. B: Increased PECAM-1 staining of 3% DSS-treated colon
tissue. C: Secondary antibody control staining of DSS-treated colon tissue. Dz
DAPI alone staining of DSS-treated colon tissue. E: PECAM-1 staining of
CD47CD45RB' T-cell transfer control colon tissue. F: Enhanced PECAM-1
staining of CD4*CD45RB"#" T-cell transfer colitis tissue. G: Secondary anti-
body control staining of CD4*CD45RB™&" T-cell transfer colitis tissue. H:
DAPI alone staining of CD4"CD45RB"E" T-cell transfer colitis tissue. I:
Quantitative measurement of vascular density in the tissue sections as deter-
mined by calculating and angiogenic index that is derived from the total
PECAM-1 surface area divided by the total DAPI surface area. J: The amount
of radiolabeled PECAM-1 antibody binding within the colon vasculature
demonstrating a significant increase in vessel surface area during experimen-
tal colitis. 7 values for each condition are reported within the bar graph. *P <
0.05 versus control. Original magnifications, X200. Scale bar = 100 um.

antibody control and DAPI alone staining of
CD4"CD45RBM9" distal colons, respectively. To deter-
mine differences in vessel density, quantitative measure-
ments of total PECAM-1 pixel surface area were made in
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conjunction with total surface area measurement of DAPI
nuclear staining (blue) to calculate an angiogenic
index. Figure 1l illustrates that both the DSS and
CD4*CD45RB"9" colitis models show a significant in-
crease in the angiogenic index compared with respective
controls. The PECAM-1 angiogenic index showed signif-
icant increases in vascular density in both models with
the CD4*CD45RB™9" model displaying a 188 = 2.1%
increase in vascular density and the DSS model an
89.7 = 1.9% increase in vascular density. We further
validated these observations by performing dual radiola-
bel experiments using '2°l-labeled anti-PECAM-1 to
quantitatively measure the colon vascular surface
area.®>%° Figure 1J demonstrates increased anti-PE-
CAM-1 antibody binding in both models of experimental
colitis, confirming an increase in vascular density. More-
over, anti-PECAM-1 radiolabel data show a similar in-
crease in blood vessel surface area compared with
PECAM-1 immunofluorescent measurement of the angio-
genic index. These data clearly demonstrate that exper-
imental colitis results in a significant increase in colon
vascular density.

Although PECAM-1 staining is a widely used method to
quantitate vascular density, its expression has been ob-
served on other cell types, albeit to a lesser extent, and
the level of expression does not significantly fluctuate on
inflammatory activation.®®5°-5% Nonetheless, we sought
to independently verify the PECAM-1 angiogenic index
data using FITC-labeled L. esculentum lectin to label the
vasculature. L. esculentum lectin avidly binds vascular
endothelium in a highly selective manner and has been
previously used to determine angiogenic activity and
vascular density.®* Intravenous injection of FITC lectin
was performed on control and experimental colitic mice
to obtain a lectin angiogenic index. Colon tissue sections
were also stained for PECAM-1 to evaluate co-localiza-
tion in the same specimen. Figure 2A shows PECAM-1
staining of DSS distal colon, whereas Figure 2B illustrates
the FITC lectin binding of the same section. Figure 2C
shows the three-color merged image of lectin (green),
PECAM-1 (red), and DAPI nuclear stain (blue). The ma-
jority of lectin and PECAM-1 staining co-localized
throughout the tissue, with few areas showing distinct
PECAM-1 staining alone. Figure 2D reports the FITC-
lectin angiogenic index in both the DSS and
CD4"CD45RBM9" models compared with controls. The
FITC-lectin angiogenic index corroborates the PECAM-1
angiogenic index for determining vascular density, with
the lectin angiogenic index showing a 153 * 1.4% in-
crease in blood vessel density for the CD4*CD45RB"9"
model and 95 = 1.3% in the DSS model. Moreover, the
high degree of co-localization between lectin and PE-
CAM-1 indicates perfusion of these vessels.

Increased Vascular Density Is Temporally Linked
with Pathological Severity
Several chronic disease conditions have been associ-

ated with increased angiogenic activity.*>°” Given the
cyclical nature of IBD activity and remission, increased
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Figure 2. FITC L. esculentum lectin analysis of angiogenesis during experimental colitis. Fluorescently labeled L. esculentum lectin was injected intravenously to
specifically stain endothelial cells to independently validate PECAM-1 antibody data as well as evaluate the perfusion of colitis-induced neovascularization. Distal
colon tissue was also stained with PECAM-1 antibody to determine whether these markers of neovascularization co-localized with one another. A: PECAM-1
staining (red) of DSS-induced angiogenesis; B: FITC L. esculentum lectin intravascular labeling (green) of the same section. Importantly, C demonstrates a large

amount of PECAM-1/lectin co-localization throughout the section. D: Lectin angiogenic index, which was obtained by dividing the total lectin surface area by the
total DAPI surface area. 7 values for each condition are reported within the bar graph. *P < 0.05 versus control. Original magnifications, X200. Scale bar =

100 wm.

angiogenic activity may serve to facilitate tissue repair.
However, no clear information exists regarding the rela-
tionship between angiogenic activity and disease sever-
ity in IBD or other chronic inflammatory disorders. There-
fore, we examined the association of increased
angiogenic activity with disease severity in specimens
from both experimental colitis models. Ten-um serial sec-
tions of distal colons were processed for H&E histopa-
thology or anti-PECAM-1 angiogenic index to compare
these parameters within the same tissue specimen. Fig-
ure 3, A and B, shows the correlation between angio-
genic index and histopathology score for the DSS and
CD4"CD45RBM9" colitis models, respectively. Measure-
ments made from identical specimens from either model
show a strong and significant correlation between the
angiogenic index and tissue histopathology score with
the DSS model having an r of 0.90 and the
CD4"CD45RB"9" model an r? of 0.91. Moreover, we also
examined the temporal relationship between increased
angiogenic activity and tissue histopathology in the DSS

colitis model. Figure 3C illustrates that DSS-mediated
angiogenic activity becomes significantly elevated at 4
days, which is precisely when significant tissue histo-
pathology is observed (Figure 3D). We also examined
angiogenic activity and tissue pathology on completion
of a cyclical DSS regimen, in which 3% DSS is admin-
istered for 5 days and then withdrawn for 5 days (and
switched to regular water), with this cycle being re-
peated three times. Cycling of the DSS treatment re-
sults in acute inflammatory periods followed by tissue
restitution and repair, which may emulate cyclical as-
pects of human IBD.2" Tissues were harvested at the
end of the last off cycle that revealed histopathological
changes, albeit greatly reduced, but that angiogenic
activity was not significantly different from control (Fig-
ure 3D). These results combined with data from the
acute DSS model indicate that increased angiogenic
activity is associated with active inflammation and di-
minished during restitution. Together, these data
strongly suggest that increased angiogenic activity
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Figure 3. Relationships between angiogenic index and tissue pathology during experimental colitis. Serial tissue sections were obtained from both experimental
colitis models to evaluate histopathological score and angiogenic index from identical specimens. Angiogenic index and pathological score data were plotted
against one another and correlation indexes determined. A: Angiogenic index and tissue pathology scores closely correlate in the 3% DSS colitis model with an
7 = 0.90. B: Angiogenic index and tissue pathology closely correlate in the CD4"CD45RB"&" T-cell colitis model with an 7 = 0.91. P values and 7 values for
correlation determination are reported in each graph. C: Temporal nature of increased angiogenesis during DSS-mediated colitis. D: The temporal nature of tissue
histopathology during DSS-mediated colitis. 7 values for each condition are reported within the bar graph. *P < 0.05 versus day 0.

contributes to tissue histopathology during active ex-
perimental colitis.

Differential Regulation of Angiogenic Mediators
during Experimental Colitis

It is now well accepted that the presence of high levels of
proangiogenic factors play key roles in the process of
pathological neovascularization as shown by studies that
inhibit them.®8-6° Therefore, we examined expression
profiles of angiogenic regulatory genes to gain a better
understanding of the factors that may be involved in
controlling angiogenesis during experimental colitis. An-
giogenesis gene arrays were performed using total RNA
isolated from four different control and DSS-treated co-
lons on completion of a 6-day study and from four differ-
ent CD4*CD45RB"" control or CD4*CD45RB"9" exper-
imental colons on completion of the 8-week study.
Differentially regulated genes were identified based on a
twofold change in signal intensity (up or down) compared
with control signals. A complete list of the genes that
were similarly or differentially regulated in the DSS and

CD4"CD45RBM9" colons as compared with their respec-
tive controls is shown in Table 1.

Similarly up-regulated proangiogenic mediators in-
clude matrix metalloproteinases 2 and 9 (MMP-2, -9),
endothelial sphingolipid G-protein coupled receptor 1
(Edg1), endoglin, prostaglandin-endoperoxide synthase
2 (COX2), TNF-a, chemokine (CXC) ligand 1 (Gro1), and
hepatocyte growth factor (HGF). Additional mediators
that can exert either pro- or anti-angiogenic effects, de-
pending on stimulation, were also similarly up-regulated
in both models including TGF-BR2 and TGF-BR3, macro-
phage scavenger receptor 1 (Msr1), and throm-
bospondin-1 (Thbs 1). Three genes were also similarly
down-regulated including CD36 antigen and chromo-
granin A, which are anti-angiogenic, and TGF-B2, which
may act in either capacity. Of the similarly regulated
genes, most up-regulated genes exhibit proangiogenic
effects and most down-regulated ones exhibit anti-angio-
genic effects. This suggests that the inflammatory stimu-
lus involved with either model of experimental colitis elic-
its a proangiogenic response consistent with underlying
pathological features between the two models.
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Table 1. Angiogenesis Gene Expression Profiles in the 3% DSS and CD4"CD45RB™&" T-Cell Colitis Models
3% Dext odiu Colitis CD4*CD45RB"" Colitis
up DOWN UpP DOWN
Matrix Metalloproteinase 2 (MMP2) CD36 Antigen (CD36, Thrombospondin Matrix Metalloproteinase 2 (MMP2) CD36 Antigen (CD36, Thrombospondin
Receptor) Receptor)
Matrix Metalloproteinase 9 (MMP9) Chromogranin A (Chga) Matrix Metalloproteinase 9 (MMP9) Chromogranin A (Chga)
Endothelial Sphingolipid G-protei pled Ti ing Growth Factor beta 2 Endothelial Sphingolipid G-protei pled Transforming Growth Factor beta 2 (TGFb2)
receptor 1 (Edgl) (TGF-b2) receptor | (Edgl)
Endoglin (Eng) Vascular Endothelial Growth Factor A Endoglin (Eng)

(VEGF-A)

Prostaglandin-endoperoxide synthase 2
(COX2)

Vascular Endothelial Growth Factor B
(VEGF-B)

Prostaglandin-endoperoxide synthase 2 (COX2)

Tumor Necrosis Factor-c (TNF-o)

Vascular Endothelial Growth Factor C
(VEGF-C)

Tumor Necrosis Factor-a (TNF-a)

Chemokine (CXC) ligand 1 (Grol)

Vascular Endothelial Growth Factor
(VEGF-D)

Chemokine (CXC) Ligand 1 (Grol)

Hepatocyte Growth Factor (HGF) Fibroblast Growth Factor-1 (FGF1) Hepatocyte Growth Factor (HGF)
Platelet Endothelial Cell Adhesion Molecul Interferon gamma (Ifng) Platelet Endothelial Cell Adhesion Molecul
(PECAM, CD31) {(PECAM, CD31)

Thrombospondin | (Thbs1)

Inhibitor of DNA Binding 3 (Idb, 1D3)

Thrombospondin 1 (Thbs1)

Transforming Growth Factor, beta receptor 2
(TGFbR2)

Connective Tissue Growth Factor (CTGF)

Transforming Growth Factor beta Receptor 2
(TGFbR2)

Transforming Growth Factor, beta receptor 3
(TGFbR3)

Ephrin A2 (Efna2)

Transforming Growth Factor beta Receptor 3
(TGFbR3)

v ™ @ 7,

phag e [ 1 {Msrl)

Ephrin A5 (Efna3)

v h @ 2,

phag: ger Receptor | (Mst1)

Fibroblast Growth Factor Receptor |
(FGFR1)

Ephrin B2 (Efnh2)

Vascular Endothelial Growth Factor A
(VEGF-A)

Serine Proteinase inhibitor, member 1
(PAI-1)

Epidermal Growth Factor (EGF)

Vascular Endothelial Growth Factor B
(VEGF-B)

Fibroblast Growth Factor Receptor 3
(FGFR3)

Eph Receptor B4 (Ephbd)

Vascular Endothelial Growth Factor C
(VEGF-C)

Colony Simulating Factor 3 (CSF3)

Fibroblast Growth Factor-4 (FGF4)

Vascular Endothelial Growth Factor D
(VEGF-D)

Interleukin 10 (IL10)

Interferon alpha family, gene 1 (Ifnal)

Connective Tissue Growth Factor (CTGF)

Thrombospondin 2 (Thbs2)

Neuropilin (Nrp)

Fibroblast Growth Factor | (FGF1)

A disintegrin metalloprotease
thrombospondin type 1 motif (Adamits])

Platelet Derived Growth Factor A (PDGFa)

Inhibitor of DNA Binding 3 (1db3, ID3)

Platelet Derived Growth Factor B (PDGFb)

Interferon gamma (Ifng)

Placental Growth Factor (PGF)

Integrin alpha 5 (fibronectin receptor alpha)
(Ttgas)

Pleiotrophin (Ptn)

Integrin alpha V (ItgaV)

Chemokine (C-C) Ligand 2 (Ccl2)

Integrin beta 3 (Itgh3)

Serine proteinase inhibitor, member 5
{Maspin, Serpinb5)

Cadherin 5 (Cdh3, VE-cadherin)

Serine Proteinase inhibitor, member 2
{PAI-2, Serpinb2)

Vascular Cell Adhesion Molecule (VCAM)

Tyrosine Kinase Receptor 1 (Tiel)

Fibronectin 1 (Fnl)

Thrombospondin 4 (Thbs4) Fibroblast Growth Factor 7 (FGF7)
Procollagen Type 18, alpha | (COLISAL) Platelet Derived Growth Factor Receptor, alpha
(Endostatin precursor) (PDGFRa)

Tissue Inhibitor of Metalloproteinase 2
(TIMP2)

Platelet Derived Growth Factor Receptor, beta
(PDGFRb}

Transforming Growth Factor beta 3
(TGF-b3)

Insulin-like Growth Factor 1 (IGF1)

Plasminogen activator, Urokinase (PLAU)
Prc T s 9 1

(PTGS1)

E26 Avian leukemia oncogene (Ets1)

MAD homolog | (Smadl)

Inhibitor of DNA Binding 1 (Idbl, ID1)

Secreted Phosphoprotein 1 (Osteopontin, Sppl)

Endothelial Specific Receptor Tyrosine Kinase
(TEK, Tie2)

Erythroblastic leukemia viral
homolog 2 (NewHER2, Erbb2)

Interleukin 12a (IL12a)

Secreted Acidic Cysteine Rich Glycoprotein
(SPARC, BM-40)

Transforming Growth Factor beta | (TGFb1)

Transforming Growth Factor beta Receptor |
(TGFbR1)

Yellow background indicates genes up-regulated in both models. Blue background indicates genes down-regulated in both models.
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Figure 4. Measurement of VEGF-A expression levels during experimental colitis. VEGF-A protein levels were examined between the two experimental colitis
models using Western blot and enzyme-linked immunodetection assays. Fifty ug of total protein tissue extract from control or experimental colitis colons was
separated using SDS-polyacrylamide gel electrophoresis. A: VEGF-A protein levels by Western blot analysis between control and experimental colitis. B: Relative
scan density of VEGF-A Western blots demonstrating a significant increase in VEGF-A protein in CD4"CD45RB"&" colitis tissue extract. C: Temporal ELISA
measurement of VEGF-A during DSS-induced colitis. D: ELISA measurement of VEGF-A protein (pg/ug total protein) in tissue extracts from CD4 " CD45RB!™
control and CD4*CD45RBM2" T-cell transfer colons. 1 values for each experimental condition are reported within the bar graph. *P < 0.05 versus control.

Differential regulation of numerous angiogenic media-
tors also occurred, revealing specific angiogenic differ-
ences between the two models. In the DSS model, sev-
eral pro- and anti-angiogenic genes were up-regulated,
but the same genes were unchanged in the
CD4*CD45RB™9" model. The proangiogenic factors in-
clude fibroblast growth factor receptors 1 and 3 (FGFR1,
3), serine protease inhibitor 1 (PAI-1), and colony stimu-
lating factor 3 (CSF3). Those with anti-angiogenic effects
are IL-10, thrombospondin 2 (Thbs2), and a disintegrin
metalloproteinase thrombospondin type 1 motif (Adamts
1). However, many more anti-angiogenic genes (eg,
Col18, TIMP-2, and so forth) were significantly down-
regulated in DSS colitis, suggesting that angiogenic
stimulation in this model is likely attributable to loss of
negative regulators. Conversely, proangiogenic me-
diators were more substantially up-regulated in the
CD4*CD45RB™9" colitis model. Moreover, several mole-
cules were distinctly up-regulated in CD4*CD45RB"9"
colitis yet down-regulated in DSS colitis, including con-
nective tissue growth factor (CTGF), fibroblast growth
factor-1 (FGF1), inhibitor of DNA binding 3 (ID3), and
interferon-y. Most interestingly, VEGF-A, -B, -C, and -D

were all up-regulated in CD4*CD45RB™e" colitis yet
down-regulated in the DSS model, illustrating the unique
nature of angiogenic gene expression between the two
models. Together, these data suggest that neovascular-
ization in the CD4"CD45RB"9" model primarily involves
up-regulation of proangiogenic factors, whereas neovas-
cularization in the DSS model is associated with an abun-
dant decrease in anti-angiogenic gene expression.
Differential expression of angiogenic factors, such as
VEGF-A, have recently been reported in UC and CD.%"1+'2
Having observed distinct differences in VEGF-A gene ex-
pression between the two models, we examined VEGF-A
protein levels present in serum and colon tissue from the
DSS and CD4"CD45RB™" models by Western blot and
ELISA. Western blots for VEGF-A did not reveal any sig-
nificant difference in VEGF-A levels during DSS colitis
(Figure 4A); however, densitometric analysis of the
CD4*CD45RB"9" VEGF-A Westerns showed a significant
9.5-fold increase in tissue VEGF levels (Figure 4B). VEGF-A
ELISA was performed with tissue lysates to quantitate pre-
cisely the amount of VEGF-A produced. Having observed
no change in VEGF-A protein levels on completion of the
DSS model, we examined VEGF-A tissue levels at various
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Figure 5. Leukocyte recruitment is required for angiogenic activity during experimental colitis. The importance of leukocyte recruitment for angiogenic
stimulation during experimental colitis was examined using CD18-null mutant mice treated with 3% DSS. A: Illustrates 3% DSS histopathology of wild-type mice
displaying prominent leukocyte infiltration, tissue edema, and epithelial cell damage. Conversely, B shows 3% DSS-mediated tissue pathology in CD18-null mutant
mice. C: 3% DSS-mediated histopathological scores between wild-type and CD18-null mice. Likewise, D reports angiogenic index scores from 3% DSS-treated
wild-type or CD18-null mice. 7 values for each condition are reported within the bar graph. Original magnifications, X200. Scale bar = 100 um. *P < 0.05 versus

control.

time points in the DSS model to address the possibility of
early changes in expression that could be lost because of
tissue damage. Consistent with the angiogenesis gene ar-
ray results, VEGF-A expression was not significantly differ-
ent throughout DSS colitis. However, we observed a trend
of decreased expression early during the colitis model that
resolved by day 6 of the DSS model (Figure 4C). Thus,
alteration of VEGF-A expression in the DSS model is not
attributable to excessive tissue damage and/or protein loss.
Moreover, VEGF-A expression was not increased on com-
pletion of the chronic DSS model. Conversely, a sevenfold
increase in VEGF-A was observed in the colon tissue of
CD4"CD45RB"¢" mice with a control concentration of 450
pg/ung of total protein versus 3300 pg/ug of total protein for
colitic specimens (Figure 4D). Last, serum VEGF-A levels
from both models did not reveal any significant differences
between experimental and control groups (data not shown).
Together, these data confirm results from the angiogenesis
gene array experiments and provide clear evidence dem-
onstrating different mechanisms of angiogenic stimulation
between the two models.

Leukocyte Infiltration Governs Angiogenic
Activity in Experimental Colitis

Infiltration of leukocytes into tissue has been shown to be
associated with increased angiogenesis in various
chronic inflammatory disorders and is believed to be an
important mediator of pathological angiogenesis.®'~%4
Therefore, we examined whether increased leukocyte in-
filtration is necessary for increased angiogenic activity
observed during experimental colitis. The CD18-null mu-
tant mouse, with its complete loss of leukocyte B, inte-
grins, has a severely blunted ability to recruit leukocytes
under inflammatory conditions and its loss attenuates
chronic inflammatory disease.®>¢” We have recently
shown that genetic ablation of CD18 confers protection
against DSS colitis attributable to defective leukocyte
infiltration.3° Therefore, we determined the importance of
leukocyte recruitment on angiogenic stimulation during
experimental colitis using CD18-null mice treated with
DSS. Histopathological analysis of wild-type mice re-
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Figure 6. Thalidomide anti-angiogenic therapy attenuates DSS experimental colitis tissue pathology and neovascularization. The anti-angiogenic agent thalido-
mide (200 mg/kg) was used to evaluate the pathological importance of angiogenic activity during experimental colitis. A: Representative histomorphology from
dimethyl sulfoxide vehicle-treated mice subjected to 3% DSS colitis. B: The effect of thalidomide treatment on 3% DSS-induced colitis. C: The tissue histopathology
score between vehicle and thalidomide-treated mice subjected to 3% DSS colitis. Likewise, D demonstrates the angiogenic index between vehicle and
thalidomide-treated mice subjected to 3% DSS colitis. 7 values for each condition are reported within the bar graph. *P < 0.05 versus control. Original

magnifications, X200. Scale bar = 100 wm.

vealed a typical increase in leukocyte infiltrates in the
mucosa and submucosa as well as extensive mucosal/
crypt and epithelial cell layer damage, which was essen-
tially absent in CD18-null colons treated with DSS (Figure
5, A and B, respectively). Histopathological scoring re-
vealed an absence of DSS-mediated tissue damage as
we have recently reported (Figure 5C).3° Importantly, the
angiogenic index of DSS CD18-null colons was found to
be significantly reduced compared with DSS wild-type
colons, 0.096 + 0.003 versus 0.254 + 0.034, respectively
(Figure 5D). Together, these data demonstrate that leu-
kocyte infiltration is an obligatory requirement for angio-
genic stimulation during experimental colitis.

The Anti-Angiogenic Agent Thalidomide
Attenuates Experimental Colitis

Data presented thus far demonstrate increased angiogenic
activity during experimental colitis that is primarily depen-
dent on inflammatory cells and mediators. However, no
experimental evidence exists demonstrating that increased

angiogenic activity plays a pathological role during colitis.
Recent clinical reports suggest that the anti-angiogenic
agent thalidomide is capable of inducing remission of active
CD.® Given the unique nature of thalidomide as an anti-
angiogenic and immunomodulatory agent, we determined
whether thalidomide treatment affects DSS-induced colitis
and neovascularization.®®° Figure 6, A and B, illustrates
histopathological features of DSS plus dimethyl sulfoxide
vehicle or DSS plus 200 mg/kg thalidomide, respectively.
DSS-mediated histopathology showed that vehicle control
mice develop significant tissue damage with perfuse im-
mune cell infiltration associated with prominent mucosal/
crypt and epithelial cell damage (Figure 6A). Conversely,
thalidomide significantly blunted mucosal injury and leuko-
cyte recruitment and preserved the mucosal epithelium
compared with vehicle control colons (Figure 6B). DSS
cumulative histopathology scores are shown in Figure 6C
demonstrating a significant decrease in tissue damage in
colons from thalidomide-treated mice. Moreover, the angio-
genic index was also significantly decreased in thalido-
mide-treated mice compared with control mice (Figure 6D).
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Figure 7. ATN-161 anti-angiogenic therapy attenuates CD4*CD45RB™2" experimental colitis tissue damage and neovascularization. The asB; and ayfB;
angiogenic integrin antagonist ATN-161 was used to determine the pathological importance of neovascularization during CD4*CD45RB™2" colitis. A: Represen-
tative histopathology of mice treated with ATN-163 (1 mg/kg) control peptide. B: Representative histopathology of mice treated with active drug ATN-161 (1
mg/kg). Note the stark contrast in immune cell infiltrates and crypt architecture. C: The histopathology scores from mice treated with ATN-163 or ATN-161. Dz
The angiogenic index of mice treated with ATN-163 or ATN-161. E: The effect of 10 ug/ml ATN-161 on leukocyte adhesion to unstimulated and 10 ng/ml
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These data demonstrate that angiogenic and inflammatory
activity play key pathophysiological roles in the develop-
ment of DSS-induced colitis.

Anti-Angiogenic Treatment of CD4*CD45RB""
Colitis Attenuates Disease

To substantiate that the therapeutic effects observed with
thalidomide were attributable to the inhibition of angio-
genesis, we used a selective anti-angiogenic peptide
ATN-161 in the CD4*CD45RB"" colitis model. Angio-
genesis gene array analysis of the CD4*"CD45RBMo"
model revealed distinct up-regulation of as, «y, and B,
integrins and matrix ligands associated with neovascu-
larization. The anti-angiogenic peptide ATN-161 attenu-
ates neovascularization by binding asB; and «,B; and
has been reported to significantly attenuate tumor-medi-
ated angiogenesis.®® Figure 7 shows that 1 mg/kg ATN-
163 (scrambled peptide) treatment did not alter histopa-
thology of CD4*CD45RB"9" colitis, whereas 1 mg/kg
ATN-161 (active peptide) significantly decreased im-
mune cell infiltration and edema and attenuated crypt
destruction compared with ATN-163 control drug (Figure
7, A and B, respectively). Moreover, Figure 7, C and D,
demonstrates that ATN161 significantly decreases both

the tissue histopathology score and the angiogenic in-
dex, respectively. Studies have verified this compound
as a potent and selective inhibitor of angiogenesis with
no indication of a role in modulating inflammatory re-
sponses. ATN-161 was shown to be highly active in Ma-
trigel plugs where angiogenesis is driven by VEGF or
FGF-2, where the compound bound exclusively to
neovessels.®® In addition, ATN-161 selectively decreases
viable EPCs, which are known to be involved in angio-
genesis, while having no effect on CECs, which are as-
sociated with inflammation (A.P.M., personal communi-
cation). Nonetheless, given the possibility that ATN-161
might affect leukocyte function, we examined whether
ATN-161 altered leukocyte recruitment and adhesion to
activated endothelial monolayers. MS-1 mouse endothe-
lial cells were stimulated with 10 ng/ml TNF-a and assem-
bled in a parallel plate flow chamber system to evaluate
mouse splenocyte adhesion under hydrodynamic flow
conditions as we have previously reported.®® Figure 7E
clearly illustrates that 10 ug/ml ATN-161, the therapeutic
dose used for in vivo experiments based on a total blood
volume of 2.5 ml, did not alter TNF-a-mediated leukocyte
adhesion. This finding corroborates the selectivity of
ATN-161 and demonstrates that the agent does not in-
terfere with inflammatory responses. Together, these



data using a select agent against angiogenic integrins
demonstrate that increased neovascularization plays an
important role in facilitating tissue damage and dysfunc-
tion during CD4*CD45RB"9" colitis.

Discussion

Here we have shown that increased angiogenic activity in
response to chronic inflammation plays an important
pathophysiological role during experimental colitis. Sev-
eral different models of experimental colitis have been
reported to display similar pathophysiological findings of
clinical CD or UC.""%274% we used the DSS and the
CD4"CD45RB"9" T-cell transfer models of colitis be-
cause of the pathological similarities of UC and CD.
Immunopathogenesis of the DSS model is mediated pri-
marily by neutrophils and monocytes, resulting in exten-
sive crypt and epithelial cell damage throughout a shorter
experimental period.’™7° Conversely, reconstitution of
immunodeficient mice with an immunologically naive
population of T cells termed CD4*CD45RB"9" cells in-
duces chronic pan-colitis 6 to 8 weeks after transfer, thus
evoking a less severe protracted chronic inflammatory
response.'®7172 Together, these models display several
important pathophysiological features of human IBD, per-
mitting detailed examination of angiogenic parameters
during colitis that could facilitate angiogenesis during the
development and progression of UC or CD.

Increased angiogenic activity has been observed in
several chronic inflammatory diseases, yet the impor-
tance of this association and the manner in which angio-
genesis is stimulated in IBD or experimental colitis re-
mains unknown.?®737* We found that blood vessel
densities were significantly increased in both the DSS
and CD4*CD45RB"9" models of colitis. Moreover, the
majority of the vasculature was perfused as determined
by intravascular FITC-lectin binding to endothelium.®* A
strong correlation between the overall angiogenic index
and histopathological score was also found in tissue
sections from both models. In addition, the increase in
neovascularization temporally coincided with increased
tissue histopathology. Together, these data strongly sug-
gest that stimulation of angiogenic activity is an active
participant in the pathological process of experimental
colitis.

Stimulation of angiogenesis is complex and dynamic
with different mediators influencing neovascularization in
a tissue- and disease-specific manner.®¢7® It is increas-
ingly accepted that angiogenic activity occurs in both
physiological and pathological settings resulting in clear
differences in vascular phenotypes.®® As such, differen-
tial regulation of the angiogenic response is influenced
by the type of mediator, either positive or negative, and
the degree of its expression, either up or down.”® "8 Here
we show that there are a small group of angiogenic
mediators that are similarly controlled between the two
models of experimental colitis. However, we also found
differential regulation of numerous angiogenic genes be-
tween the two models, with the majority being down-
regulated in DSS colitis and up-regulated in
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CD4"CD45RBM9" colitis. Importantly, several potent
anti-angiogenic or angiostatic genes were significantly
down-regulated in the DSS model, including CDS36,
chromogranin A, thrombospondin 4, collagen type 18
(endostatin  precursor), and TIMP-2 versus the
CD4"CD45RB"9" model that only included CD36 and
chromogranin A. These data suggest that angiogenesis
may primarily occur in the DSS model through loss of
angiogenic inhibition. Conversely, angiogenesis in the
CD4"CD45RBM9" model likely occurs because of dra-
matic differential up-regulation of proangiogenic media-
tors (84 genes) compared with anti-angiogenic mediators
(three genes). Several explanations could account for
the difference in angiogenic gene expression between
the two models, with the manner of colitis induction
and the type of immune cell involved being obvious pos-
sibilities. Together, our findings suggest that interven-
tions aimed at increasing and restoring anti-angiogenic
activity versus blockade of proangiogenic mediators may
provide additional selective means for treating various
forms of IBD.

Protein expression analysis of VEGF-A between the
two models confirmed the differential gene array data rein-
forcing the notion that angiogenic stimulation in the two
models is clearly different. VEGF-A is widely regarded as a
classic angiogenic cytokine because of its plethoric role in
stimulating various endothelial cell responses necessary for
angiogenesis.”®~8* Moreover, VEGF-A has been reported
to be important for both physiological and pathological an-
giogenesis, indicating that this molecule may be central for
multiple angiogenic responses.®® We were surprised to find
that VEGF-A expression was significantly enhanced in the
CD4*CD45RB"9" T-cell transfer model but not in the DSS
model. However, a recent study by Konno and colleagues '
has reported differential VEGF expression in UC versus CD
tissue, corroborating our findings. These data reinforce the
idea that targeted anti-angiogenic therapy in IBD may be
most useful in treating specific classifications of colitis. Ad-
ditional clinical and experimental investigation is required to
better understand such differences and whether they may
be exploited for intervention.

Palliative treatment of IBD has historically been accom-
plished through the use of aminosalicylates, steroids, or
antibiotics along with the more recent use of immuno-
modulators including azathioprine, mercaptopurine,
methotrexate, cyclosporine, and TNF-a blockade (Remi-
cade). Unfortunately, all of these interventions may be
limited in their efficacy and are associated with substan-
tial side effects.®>®%8” Thus, there have been minimal
advances in the ability to prevent or cure IBD. Therefore,
we examined the effect of anti-angiogenic intervention on
experimental colitis. Thalidomide is an anti-angiogenic
and immunomodulatory agent that has successfully in-
duced remission of active IBD, but its ability to attenuate
experimental colitis and its associated angiogenic activ-
ity is not known.®#88° The molecular effects of thalido-
mide are many and include increased endothelial cer-
amide production that could facilitate apoptosis,
decreased endothelial cell Akt activation that diminishes
cell motility, differential gene regulation of endothelial cell
growth factors and their receptors, and attenuation of
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TNF-a and leukocyte responses, all of which are likely to
be involved in the angiogenic response during experi-
mental colitis.®8:6999792 Thalidomide treatment in the
DSS model significantly attenuated disease as observed
by a dramatic decrease in pathology score and angio-
genic index compared with vehicle control mice. Given
the biological mechanisms of thalidomide, these findings
further demonstrate an important link between angiogen-
esis and inflammation during experimental colitis.

We also showed that selective anti-angiogenic inhibi-
tion of agB, and a,Bs, which were selectively up-regu-
lated in the CD4*CD45RB™9" model, by ATN-161 signif-
icantly —attenuated experimental colitis, providing
evidence that targeting the neovasculature alone clearly
protects against tissue damage. Thus, our results provide
strong evidence for a pathological angiogenesis para-
digm and that therapeutic targeting of angiogenesis may
be clinically useful for IBD. However, future studies di-
rectly targeting additional angiogenic factors are needed
to understand better the key mediators of angiogenesis
during experimental colitis.

In summary, these data demonstrate that experimental
colitis is characterized by angiogenic inflammation that
contributes to the development and sustenance of exper-
imental colitis. Our data provide a compelling argument
that increased leukocyte recruitment is required for an-
giogenic stimulation during colitis. The ability to decrease
angiogenic activity by preventing the inflammatory re-
sponse with the CD18-null mouse model further solidifies
the link between the two. Moreover, the angiogenic re-
sponses seen in experimental colitis may contribute to
chronic inflammation, which likely enables a vicious cycle
of disease activity. Indeed, we have recently reported
that high concentrations of angiogenic cytokines, such as
VEGF-A, increase leukocyte interactions with colon mi-
crovascular endothelial cells similar to proinflammatory
agents such as TNF-a.*° The ability of the anti-angio-
genic agents thalidomide and ATN-161 to significantly
attenuate experimental colitis demonstrates that anti-an-
giogenic therapies could provide novel treatments for
IBD.
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