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Inflammatory bowel diseases (IBDs) are associated
with an increased risk for thromboembolism, which
is often manifested as deep vein thrombosis or pul-
monary embolism, at extra-intestinal sites. Although
some of the cytokines that contribute to IBD patho-
genesis are also known to alter the coagulation path-
way, it remains unclear whether these mediators also
contribute to the extra-intestinal thrombosis often
associated with IBD. The objective of this study is to
evaluate the role of interleukin (IL)-18 in enhanced
extra-intestinal thrombosis observed in mice with
dextran sodium sulfate (DSS)-induced colitis. IL-13
concentrations were measured in plasma, colon, and
skeletal muscle of wild-type (WT) control and colitic
mice. Microvascular thrombosis was induced in cre-
master muscle microvessels by using a light/dye in-
jury model. The effects of exogenous IL-18 on throm-
bus formation were determined in control WT mice.
DSS-induced thrombogenesis was evaluated in WT
mice treated with an IL-1f antibody and in IL-1 recep-
tor-deficient (IL-1r~’~) mice. DSS-induced colonic in-
flammation in WT mice was associated with enhanced
thrombus formation in arterioles. IL-18 concentra-
tions were elevated in inflamed colon and skeletal
muscle. Exogenous IL-138 enhanced thrombosis in
control mice in a dose-dependent manner. DSS colitic
mice treated with the IL-13 antibody as well as IL-
1r~/~ mice exhibited significantly blunted thrombo-
genic responses. These findings implicate IL-1 as a
mediator of enhanced microvascular thromboses that
occur in extra-intestinal tissues during colonic in-
flammation. (4m J Pathol 2010, 177:2774-2781; DOI:
10.2353/ajpath.2010.100205)

Inflammatory bowel diseases (IBD) are associated with
an increased risk for thromboembolism, which is often
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manifested as deep vein thrombosis or pulmonary em-
bolism. The prothombogenic state that accompanies hu-
man IBD is believed to arise from an imbalance between
pro- and anti-coagulant factors.™? A similar procoagu-
lant/prothrombogenic phenotype is evident in animal
models of experimental colitis, which exhibit elevated
blood levels of thrombin-antithrombin complexes, re-
duced protein C, and decreased antithrombin [11.3°
These changes in coagulant-anticoagulant factors are
accompanied by enhanced thrombus formation in mi-
crovessels of organs distant to the colon, such as skeletal
muscle.>%7 Although the contributions of different pro-
(tissue factor, thrombin) and anti- (activated protein C)
coagulants to colitis-enhanced extra-intestinal thrombo-
sis have been evaluated,®®” the chemical and/or cellular
signal produced by the inflamed colon that promotes
thrombosis at distant sites remain undefined.

A variety of cytokines have been implicated in the
pathogenesis of IBD. Interleukin-1beta (IL-18) has re-
ceived considerable attention as a potential mediator of
inflammatory cell infiltration and mucosal barrier disrup-
tion that accompanies gut inflammation.® IL-18 also ap-
pears to promote inflammation by stimulating the produc-
tion of other cytokines (eg, IL-6) and chemokines (eg,
CXCL1, CXCLS8, IL-8).°"" A less studied characteristic of
IL-1B s its procoagulant actions. The cytokine is known to
induce the expression of tissue factor while down-regu-
lating the protein C pathway, which are features of the
prothrombogenic response elicited in the microvascula-
ture of dextran sodium sulfate (DSS) colitic mice.®*®
These properties of IL-1B8, coupled to its ability to stimu-
late the production of other powerful procoagulant cyto-
kines like IL-6,"2 suggest that IL-18 is a viable candidate
mediator of the distant organ thrombogenesis that ac-
companies colonic inflammation.

The overall objective of this study was to determine
whether IL-18 contributes to the enhanced extra-intesti-
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nal thrombosis in experimental colitis. To achieve this
objective, we evaluated (1) IL-18 levels in colon, skeletal
muscle, and plasma of control and DSS colitic mice by
using a cytometric bead array; (2) the thrombogenic
response of cremaster muscle arterioles to light/dye-in-
duced endothelial injury after administration of different
doses of recombinant murine IL-18; (3) thrombus forma-
tion in wild-type (WT) colitic mice receiving a polyclonal
anti-IL-18 antibody (Ab), (4) thrombus formation in IL-1
receptor deficient mice with DSS colitis, and (5) in mice
deficient in myeloid differentiation protein-88 (MyD88), a
cytoplasmic adaptor molecule that enables the IL-1 re-
ceptor to activate nuclear factor kappa B and elicit the
production of different cytokines and chemokines.'' Our
findings suggest that IL-18 mediates the enhanced extra-
intestinal thrombosis associated with colonic inflamma-
tion via a MyD88-independent signaling mechanism.

Materials and Methods

Animals

A total of 98 male C57BL/6J mice, including 10 IL-1
receptor-1 deficient (IL-1r/7) mice, seven MyD88 defi-
cient (MyD88~/7) mice, and five recombinase activating
gene-1 (RAG-1"/") mice were purchased from Jackson
Laboratory Bar Harbor, ME for this study. All mice were
housed under specific pathogen-free conditions in stan-
dard cages and fed standard laboratory chow and water
until the desired age (6 to 8 weeks). All animal proce-
dures were reviewed and approved by the Institutional
Animal Care and Use Committee of Louisiana State Uni-
versity Health Sciences Center and were performed ac-
cording to the criteria outlined by the National Institutes of
Health.

Experimental Colitis Model

Colitis was induced, as previously described, ' by feed-
ing mice 3% (w/v) DSS (40,000 molecular weight, MP
Biomedicals, Solon, OH) dissolved in filter-purified drink-
ing water. The first day of DSS feeding was defined as
day 0, and the mice were maintained on the DSS until day
6. The 3% DSS regimen, unlike higher DSS doses, is not
associated with mortality. Control mice received filtered
water alone (without DSS).

In a separate group of experiments, the light/dye-in-
duced microvascular thrombosis responses were com-
pared between WT mice with DSS-induced colitis and
mice with colitis induced by the adoptive transfer (i.p.) of
CD4™" T-lymphocytes (1 X 10° cells) obtained from IL-
10/~ mice into RAG ™/ recipients. IL-107/~ splenocytes
were enriched for CD4™" T cells (>85%) by using a com-
mercially available negative selection kit specifically for
CD4™ T cells (Dynal, Carlsbad, CA), as previously de-
scribed.™ The T-cell transfer model produces murine
colitis at 8 weeks following adoptive transfer of the IL-
107/~ CD4" T cells.
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Assessment of Colitis Progression

Body weights, fecal status, presence of occult blood in
the stools, and peri-anal bleeding were observed and
recorded every day while the mice received DSS. Occult
blood was detected by using guaiac paper (ColoScreen;
Helena Laboratories, Beaumont, TX)."® Disease activity
index (DAI), a measure of disease severity ranging be-
tween 0 and 4, was calculated from data collected on stool
consistency, presence or absence of fecal blood, and
weight loss, as previously described.'® The DAl was mea-
sured daily to confirm that DSS treatment resulted in clinical
responses that are consistent with colitic disease activity.

Cytokine (IL-1B) Concentration

IL-1B levels in plasma, colon, and skeletal muscle (quad-
riceps) were measured by using a cytometric bead array.
To obtain the plasma samples, the right carotid artery
was cannulated with a phosphatidylethanolamine 10 tube
(BD, Flanklin Lakes, NJ). A blood sample was withdrawn
and collected in an Eppendorf tube, which was then
centrifuged at 5000 rpm X 10 minutes to separate the
plasma. Tissue samples were promptly mixed with PBS
containing a protease inhibitor (Sigma Chemicals, St.
Louis, MO) and thoroughly homogenized. The homoge-
nate was centrifuged at 10,000 rpm X 5 minutes to sep-
arate the supernatant. IL-18 concentrations in the super-
natants and plasma samples were measured with the
cytometric bead array as per the manufacturer’s instruc-
tion (BD Biosciences, San Jose, CA). The detection limit
of the cytometric bead array for mouse IL-18is 10 pg/ml.

Surgical Preparation for Intravital Microscopy

On day 6 of DSS (colitis) or water (control) treatment,
mice were anesthetized by using 50 mg/kg body wt. (i.p.)
pentobarbital, with supplemental doses of 12.5 mg/kg,
given as needed. The right internal jugular vein was
cannulated for intravenous administration of fluorescein
isothiocyanate (FITC) dextran, and the right carotid artery
was cannulated for measurement of systemic blood pres-
sure. Body temperature was maintained at 36.5°C to
37.5°C during the entire experiment with a homeothermic
blanket and monitored with a rectal temperature probe.
An incision was made in the scrotal skin to expose the left
cremaster muscle. A lengthwise incision was made on
the surface of the cremaster muscle. The testicle and
epididymis were separated from the muscle. The mus-
cle was spread out on the pedestal and the edges of
the muscle were moderately extended with sutured
threads.'® The surface of the exposed cremaster mus-
cle was suffused continuously with bicarbonate-buff-
ered saline, with a pH 7.35 to 7.45.

Microscopic Observation

The microvasculature was observed by using an upright
microscope (BX51WI; Olympus, Tokyo, Japan) with a
40X water immersion objective lens (LUMPIlanFI/IR 40/
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0.80 w, Japan). The light and fluorescent microscopic
images were projected onto a monitor (TRINITRON PVM-
2030; Sony, Tokyo, Japan) through a color video camera
(Hitachi VK-C150; Hitachi, Tokyo, Japan) or a charge-
coupled device video camera (Hamamatsu XC-77;
Hamamatsu, Tokyo, Japan), respectively. The images
were recorded by using a DVD recorder (JVC SR-MV50,
NJ). A video timer (Panasonic Time-Date Generator WJ-
810; Panasonic, Tokyo, Japan) was connected to the
monitor to record time and date. The diameters of the
cremaster vessels were measured by video analysis soft-
ware (Imaged 1.37v; NIH, Public Domain software) on a
personal computer (G4 Macintosh; Apple, Cupertino,
CA). Red blood cell velocity (Vgge) in the microvessels
was measured by using an optical Doppler velocimeter
(Microcirculation Research Institute, Texas A&M Univer-
sity, College Station, TX). Blood flow was calculated from
the product of mean red blood cell velocity (Vi ean =
Vreco/1.6) and cross-sectional area, assuming cylindrical
geometry. Wall shear rate was calculated based on the
Newtonian definition: wall shear rate = 8 (V,ean/Dy)-

Video Analysis

In each mouse, four to five venular segments with a
diameter of 35 to 50 uwm, at least 100 um in length, and a
wall shear rate =500 per second were randomly selected
for study in the cremaster muscle. Leukocytes were clas-
sified according to quality or duration of their interaction
with the venular wall as either free-flowing, rolling, or
adherent.’® Rolling leukocytes were defined as cells
crossing the 100 wm venular segment at a velocity that is
significantly lower than the center line blood flow. Adher-
ent leukocytes were defined as remaining stationary for
=30 seconds.”” The number of rolling or adherent leu-
kocytes were expressed as number of cells per minute
per millimeter of vessel area, calculated from diameter
and length, assuming cylindrical vessel shape.

Light/Dye-Induced Thrombosis

Second or third-order venules and arterioles (one to three
per mouse), meeting the characteristics described
above, were randomly selected in each cremaster mus-
cle to study thrombus formation. Then, 10 mi/kg of 5%
FITC-dextran (150,000 MW; Sigma Chemicals) was
slowly injected into the intravenous cannula and allowed
to circulate for 10 minutes. Photoactivation of FITC-dex-
tran (excitation: 495 nm; emission: 519 nm) within the
microvessels was achieved by epi-illumination using a
175-W xenon lamp (Lambda LS, Sutter, CA) and a fluo-
rescein filter cube (HQ-FITC, Chroma Technology Com-
pany, Rockingham, VT). The excitation power density
was measured daily (ILT 1700 Radiometer, SED033 de-
tector; International Light, Peabody, MA) and maintained
within 1% of 0.74 W/cm?, as previously described.'®?
Epi-illumination was continuously applied to the vessels,
and thrombus formation was quantified by determining
(1) the time of onset of platelet deposition/aggregation
within the microvessel (onset time), and (2) the time re-

quired for complete flow cessation for =60 seconds (ces-
sation time). Epi-illumination was discontinued once
blood flow ceased in the vessel under study. The results
of each vessel type (venules, arterioles) were averaged
between 1 and 3 thrombi produced in each mouse.

Experimental Protocols: In Vivo Thrombosis

The light/dye method was used to monitor thrombus for-
mation in the following experimental groups: (1) control
WT mice receiving an intrascrotal injection of 0.2 ml of
saline at 4 hours before vessel photoactivation; (2) WT
mice receiving an intrascrotal injection of recombinant
mouse IL-18 (Calbiochem, La Jolla, CA) at a concentra-
tion of either 0.2, 1.0, or 5.0 ng/kg (dissolved in 0.2 ml of
normal saline) at 4 hours before photoactivation; (3) DSS-
treated WT mice receiving (i.p., 24 hours before photo-
activation) 100 mg/mouse of a polyclonal anti-mouse
IL-18 antibody (goat 1gG; R&D Systems, Minneapolis,
MN) dissolved 0.2 ml of normal saline; (4) DSS-treated
WT mice receiving (i.p., 24 hours before photoactivation)
100 ug/mouse of a control antibody (goat IgG; R&D
Systems) dissolved 0.2 ml of normal saline; (5) water-
treated interleukin-1 receptor deficient (IL-1r~/") mice;
(6) DSS-treated IL-1r/~ mice; and (7) DSS-treated
MyD88 '~ mice. A separate group (n = 3) of mice were
rendered neutropenic by intraperitoneal injection (150
ng) of anti-neutrophil serum (RB6-8C5, rat anti-mouse
Ly-6G; eBioscience, San Diego, CA) 24 hours before the
induction of light/dye injury. Anti-neutrophil treatment
yielded a 93.7 £ 3.6% reduction in blood neutrophil
count. In another group of control (n = 5) and colitic (n =
5) mice, we quantified the rolling and firm adherence of
leukocytes in cremaster venules. Additional water (n = 5)
or DSS (n = 5) fed mice were used to collect colon,
skeletal muscle, and plasma samples for determination of
IL-18 concentration.

In Vitro Platelet Aggregation

Freshly collected platelet rich plasma from donor mice
was used to monitor platelet aggregation velocity follow-
ing agonist exposure by using a Laser Particle Analyzer
(Lumex Ltd., St. Petersburg, Russia). Initially, the ECg,
value (concentration required to achieve half-maximum
velocity) for aggregation velocity of wild type platelets in
response to thrombin (0.25; 0.5; 1; and 4 U/ml) was
determined as previously described.?® Thrombin was
chosen as the platelet agonist because previous work
has implicated this pro-coagulant as a critical mediator of
DSS colitis-enhanced microvascular thrombosis.” This
method yielded an ECg, of 0.63 U/ml, which was subse-
quently used to compare the aggregation velocity of
platelets derived from the following experimental groups:
(1) WT mice (n = 6) placed on tap water (WT-Control); (2)
WT mice (n = 6) placed on 3% DSS (WT-DSS); (3)
WT-DSS mice (n = 5) treated with the IL-18 antibody (as
described above); and (4) IL-1 receptor-deficient mice
(n = 5) treated with DSS (IL-1r~/~ -DSS).
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Figure 1. Effects of colonic inflammation induced by either DSS or the
transfer of IL-107/~ CD4™ T cells into immunodeficient RAG-1""" mice on
light/dye-induced thrombus formation in cremaster muscle arterioles and
venules; 7 = 7 in the WT-control and WT-DSS groups, and 7 = 5 in the
IL-107/~ CD4"—=RAG-1""" group. *P < 0.05 versus control WT.

Statistics

Data were analyzed by using standard statistical analy-
sis, ie, one-way analysis of variance and Fisher’s post
hoc test. All values are reported as means + SE from four
to seven mice.

Results

All mice placed on 3% DSS exhibited a significantly
increased DAI without mortality. There was no statistical
difference in DAl on day 6 of DSS treatment between any
of experimental groups.

Figure 1 shows the changes in time of onset of throm-
bosis and the time to flow cessation induced by light/dye
injury in cremaster muscle arterioles and venules of WT
control and DSS-treated (colitic) mice. As previously re-
ported,®®'° the time required for the initiation (onset) and
termination (cessation) of thrombus formation is much
longer in arterioles than in venules. Although no differ-
ences were noted in either the time of onset or time to flow
cessation between venules of control and colitic mice,
both variables were significantly reduced (consistent with
accelerated thrombosis) in cremaster arterioles of colitic
mice. The accelerated thrombus formation in arterioles of
DSS colitic mice is consistent with previous reports.®®
The figure also illustrates that a similar pattern of en-
hanced thrombosis in cremaster arterioles is evidenced
in an immune model of colitis that results from the transfer
of CD4" T-cells from IL-10~/~ mice into immunodeficient
RAG-1"" mice. These results indicate that the enhanced
extra-intestinal thrombosis observed during colonic in-
flammation is not unique to the DSS model.

Figure 2 summarizes the changes detected in the
number of rolling and firmly adherent leukocytes in
venules of cremaster muscle in mice with DSS-induced
colonic inflammation. Although no significant differences
in wall shear rate were noted between venules of control
(7241 + 68.5 seconds™ ') and colitic (714.82 + 78.9
seconds™ ') mice, a marked increase in the number of
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Figure 2. Rolling and adherent leukocytes in cremaster muscle venules of
control (n = 5), DSS-treated WT (n = 7), and anti- IL-18 antibody -+
DSS-treated WT (7 = 5). *P < 0.01 versus control WT; **P < 0.01 versus
colitic WT mice.

rolling and adherent leukocytes was detected in venules
of colitic mice. IL-1B immunoblockade significantly re-
duced the total number of both rolling and adherent
leukocytes increased by DSS colitis. These results sug-
gest that the cremaster microcirculation assumes an in-
flammatory phenotype during DSS colitis and that IL-18
contributes to this response.

Mice rendered neutropenic with anti-neutrophil serum
were studied to determine whether the leukocyte recruit-
ment noted in the cremaster muscle of DSS-treated mice
contributes to the enhanced thrombosis response. A
comparison of the time of onset (2.0 = 0.5 minutes versus
3.3 = 0.7 minutes; untreated versus anti-neutrophil se-
rum-treated) and the time to flow cessation (15.4 = 1.6
minutes versus 16.2 = 0.9 minutes) between DSS and
neutropenic DSS mice revealed no statistically significant
differences in the thrombosis responses to light/dye in-
jury, suggesting that neutrophils do not mediate the ex-
tra-intestinal thrombosis observed in DSS mice.

Figure 3 summarizes the IL-1B concentrations de-
tected in colonic and skeletal muscle tissue of control
and DSS colitic mice. The inflamed colon exhibited a
large (~18-fold) increase in IL-18 concentration, com-
pared with normal colon. Although plasma IL-1B tended
to be higher in DSS colitic mice compared with controls
(2.06 = 1.49 versus 0.56 = 0.39 pg/ml), this difference
did not reach statistical significance (P = 0.31). Although
IL-1B concentration measured in skeletal muscle of con-
trol mice was largely undetectable (1.34 + 0.67 pg/ml), a
significantly elevated concentration (21.32 = 5.5 pg/g) was
detected in skeletal muscle tissue of DSS colitic mice.

Figure 4A compares the thrombosis responses to light/
dye injury in arterioles of cremaster muscle between con-
trol WT mice on normal drinking water to a similar group
of mice receiving an intrascrotal injection of saline. These
findings demonstrate that the intrascrotal injection proto-
col per se does not alter the thrombosis responses to
light/dye injury. Figure 4B compares the thrombosis re-
sponses to light/dye injury in arterioles of control WT,
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Figure 3. IL-1f cytokine concentrations in colon and skeletal muscle (quad-
riceps) of control (72 = 5) and DSS-treated WT mice (72 = 5). *P < 0.01 versus
control WT.

DSS-treated WT, and control WT receiving an intrascrotal
injection of either 0.2, 1.0, or 5.0 ug/kg of IL-1B8. Although
the lowest dose (0.2 ng/kg) of IL-1B did not alter throm-
bosis, the higher doses significantly accelerated throm-
bosis, as manifested by a reduction in both the time of
onset and time to flow cessation. However, the highest
dose (5.0 ug/kg) of IL-18 did not produce a greater
response than noted with 1.0 ng/kg. Even with the higher
doses of IL-13, the magnitude of the prothrombotic effect
on the time to flow cessation did not equal that elicited by
DSS treatment.

Figure 5 compares the thrombosis responses to light/
dye injury in cremaster arterioles of control mice, colitic
mice, and colitic mice treated with an anti-IL-18 antibody.
The mice receiving the IL-18 blocking Ab exhibited a
significant attenuation of the colitis enhanced thrombosis
response, as reflected by the increases in both the time
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Figure 4. A: Effects of intrascrotal injection of 0.20 ml normal saline on
light/dye-induced thrombus formation (4 hours after injection) in cremaster
muscle arterioles of control mice (72 = 5). B: Effects of intrascrotal adminis-
tration of IL-18 (0.2, 1.0, or 5.0 pg/kg) dissolved in 0.2 ml normal saline on
thrombus formation (4 hours after injection) in cremaster muscle arterioles.
The data are compared with the responses in DSS colitic mice. Control WT
(n = 7), DSS-treated WT (72 = 7), all IL-1B administration groups (7 = 5).
*P < 0.05 versus control WT; *P < 0.05 versus colitic WT.
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Figure 5. Effects of IL-13 immunoneutralization (IL-18 Ab) on DSS colitis-
induced thrombus formation in cremaster muscle arterioles (WT-DSS + IL-13
Ab, n = 6). WT controls (7 = 11), WT-DSS (7 = 11), and WT-DSS + control
Ab (n = 4). *P < 0.05 versus control WT; *P < 0.05 versus colitic WT; TP <
0.05 versus colitic WT + control Ab.

of onset of the thrombus and the time to flow cessation.
The control Ab (goat IgG) did not alter the colitis-en-
hanced thrombosis response after light/dye injury. These
data suggest that IL-18 contributes to the accelerated
thrombosis induced by DSS colitis.

Figure 6 illustrates the different thrombosis responses
noted between WT colitic mice and IL-1r~/~ mice with
DSS colitis. IL-1r~/~ mice placed on normal water did not
exhibit thrombosis responses that differed from control
WT mice. However, DSS-treated IL-1r~/~ mice exhibited
significantly blunted thrombosis responses compared
with their wild type counterparts. The protection afforded
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Figure 6. Effects of IL-1 receptor deficiency on thrombus formation in
cremaster arterioles of DSS colitic mice. Control WT (12 = 7), colitic WT (n =
7), non-colitic IL-1r~/~ mice (7 = 5), and colitic IL-1R KO mice (12 = 5). *P <
0.05 versus control WT; **P < 0.05 versus colitic WT.



|:| WT-Control
Hl wrDss
] wr-Dss +1L-1 g Ab
I 1L-1r-DSS
500 -

g *

Qo

O 400 -

[3]

> % *

S

2 300 -

©

(=2}

(4]

D 200 -

(o]

[}

it

°

S 100 -

K]

o

0

Figure 7. The velocity of aggregation (to thrombin, 0.63 U/ml) of platelets
from WT-control (2 = 6), WT-DSS (12 = 6; *P < 0.01 versus WT), WT-DSS +
IL-1B antibody (72 = 5; P < 0.05 versus W), and IL-1r/~-DSS (1 = 5; P <
0.05 versus WT mice).

by IL-1r deficiency was comparable with that noted in
colitic WT mice treated with the IL-18 antibody (Figure 5).

In another series of experiments, we compared the
thrombotic responses to light/dye injury following DSS
treatment between WT (n = 4) and MyD88™/~ (n = 7)
mice. This analysis revealed no significant differences in
either the time of onset (WT = 2.0 = 0.5 minutes versus
MyD88~/~ = 3.7 = 0.7 minutes, P = 0.10) or the time to
flow cessation (WT = 15.4 = 1.6 minutes, MyD88 ™/~ =
15.2 = 0.6 minutes, P = 0.94) between the two groups of
colitic mice, suggesting that MyD88 signaling does not
contribute to the DSS-induced, IL-1B8 mediated arteriolar
thrombosis.

Figure 7 compares the aggregation responses to
thrombin in platelets derived from control and DSS colitic
mice. A significantly (P < 0.01) enhanced (threefold in-
crease in velocity) aggregation response was noted in
WT-DSS mice compared with controls, suggesting an
increased sensitivity to thrombin. The accelerated aggre-
gation responses were also noted in platelets derived
from WT-DSS mice treated with the IL-18 blocking anti-
body, and in platelets from IL-1r~/~-DSS mice (P < 0.05
versus WT-Control). The latter responses were not signif-
icantly different from the aggregation velocity noted with
platelets from WT-DSS mice.

Discussion

IBD is associated with an increased risk of extra-intestinal
thrombosis. Altered coagulation/anticoagulant pathways
and activated platelets appear to underlie this patho-
physiological response to gut inflammation.”2" The co-
agulation abnormalities and enhanced thrombosis are
also manifested in animal models of colonic inflammation.
Although these animal studies have revealed contribu-
tions of tissue factor, activated protein C, and thrombin in
the colitis-induced enhancement of microvascular throm-
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bosis,®®7 the circulating factors and/or cells that enable
gut inflammation to exert a distant effect on thrombus
formation in other tissues remain poorly understood. The
results of the present study support a role for the cytokine
IL-18 as a mediator of the enhanced extra-intestinal
thrombosis associated with gut inflammation.

IL-1B8 is a pro-inflammatory cytokine that is produced
by macrophages, monocytes, and dendritic cells. When
the cytokine engages with its receptor (IL-1r) on endo-
thelial cells, there is an increased expression of adhesion
molecules that promote the adhesion and transmigration
of leukocytes.??2* Elevated levels of IL-18 in inflamed
gut tissue and plasma has been reported for patients with
IBD.?>2¢ Although animal models of IBD have generally
yielded elevated tissue levels of the cytokine,?”:28
plasma IL-1B concentration has been reported not to
change.?®2° In the present study, a large increase in
colonic IL-1B concentration was detected in DSS-treated
mice, whereas plasma IL-1B was not significantly altered.
However, a large and significant increase in IL-18 con-
centration was detected in distant skeletal muscle tissue
in DSS colitic mice, when compared with control mice.
Our observation that venules in cremaster muscle of co-
litic mice exhibit an increased recruitment of rolling and
firmly adherent leukocytes (Figure 2) is consistent with an
extra-intestinal inflammatory response that may be medi-
ated by IL-1B8 and/or other cytokines produced within
skeletal muscle. It remains unclear how DSS colitis leads
to increased IL-18 levels in skeletal muscle despite an
unchanged plasma concentration of the cytokine. It is
possible that other factors circulating in blood of the
colitic mice stimulate macrophages residing in distant
tissues to produce IL-1B. Alternatively, circulating leuko-
cytes that are activated during passage through the vas-
culature of the inflamed gut may be sequestered in dis-
tant tissues like skeletal muscle, where they can produce
IL-1B and possibly other cytokines. Additional work is
needed to define the source of the elevated IL-18 in
skeletal muscle of mice with DSS colitis.

Our results provide several lines of evidence that im-
plicates IL-18 as a mediator of the enhanced extra-intes-
tinal thrombosis response to light/dye injury in colitic
mice: (1) exogenous IL-18, administered locally by intras-
crotal injection into control mice, elicits a significant re-
duction in both the time of onset of thrombosis (a mea-
sure of the initiation phase of thrombosis) and the time to
flow cessation (a measure of the propagation and stabi-
lization phases of thrombosis); (2) treatment of DSS co-
litic mice with an IL-18 blocking antibody diminishes the
enhanced prothrombotic response to light/dye injury; and
(8) colitic IL-1 receptor deficient (IL-1r~/~) mice also
exhibit an attenuated thrombosis response. The magni-
tude of the responses noted in these experiments (Fig-
ures 5 and 6) indicates that endogenous IL-18 could
account for nearly half of the accelerated thrombus for-
mation associated with experimental colitis. Although the
factor(s) that account for the remainder of the thrombosis
response remains unclear, a role for other cytokines can-
not be ruled out.

Studies of the altered coagulation and microvascular
thrombosis that accompanies sepsis have revealed that
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cytokines like IL-1B are powerful inducers of coagula-
tion.®° The protein C pathway appears to be especially
sensitive to down-regulation by IL-18. Thrombomodulin
and the transcription of endothelial cell protein C receptor
gene are inhibited by IL-18, which would limit protein C
activation and promote thrombus formation. The cytokine
is also known to elicit the shedding of endothelial cell
protein C receptor thereby producing circulating soluble
endothelial cell protein C receptor that can inhibit protein
C activation.®" IL-18 can also induce the expression of
tissue factor on endothelial cells® and monocytes,*° and
it has been shown to promote platelet-endothelial cell
adhesion.®® Since tissue factor mediates the initiation
phase of thrombosis, whereas thrombin generation re-
sulting from protein C pathway inhibition would mediate
the propagation/stabilization phases, the known actions
of IL-1B on the coagulant pathway appear to be consis-
tent with our observation that the cytokine contributes to
both the accelerated initiation and propagation/stabiliza-
tion phases of thrombosis that accompanies experimen-
tal I1BD.

The transcription-dependent production of other cyto-
kines by IL-1B has received attention in other models of
coagulation/thrombosis.®~"" However, our results in
MyD88 '~ mice suggest that transcription-dependent
production of more potent prothrombotic cytokines (eg,
IL-6) via MyD88 signaling is an unlikely explanation for
our findings. Studies in neuronal tissue have revealed
that IL-1 receptor activation can elicit responses that are
both MyD88-dependent and -independent.®* The MyD88
adaptor molecule has been previously implicated in a
different model (1.2% DSS) of murine colitis, wherein
MyD88 deficiency resulted in a more severe form of
colonic inflammation.®® These findings were interpreted
to reflect a critical role for MyD88 signaling in mediating
the protective role of the innate immune system in the gut
against the development of colitis. Whether such an
action on the innate immune system counteracted any
potential beneficial effect of MyD88 deficiency on the
thrombotic response remains unclear. Furthermore, as
discussed above, the thrombosis mediated by IL-18
may relate more to the ability of the cytokine to down-
regulate components of the protein C pathway, than
through transcription-dependent up-regulation of pro-
thrombotic factors.

A novel and potentially important finding in this study
was the enhanced sensitivity of platelets from DSS colitic
mice to aggregation induced by thrombin. This is consis-
tent with reports describing an enhanced sensitivity of
platelets from patients with IBD to thrombin and other
agonists.®®3” Our finding that the DSS-induced enhance-
ment of platelet aggregation was also observed in IL-
1r~/~ mice and in WT mice treated with an IL-18 blocking
antibody suggests that the cytokine is more likely to
promote thrombosis by acting on the vessel wall, rather
than exerting a direct effect on platelets.

In conclusion, the results of this study indicate that
IL-18 is an important mediator of the enhanced micro-
vascular thrombosis that occurs in extraintestinal tissue
during colonic inflammation. Our findings raise the pos-
sibility that this cytokine contributes to the hypercoagula-

ble state that accompanies IBD and suggest that cytokines
may be a relevant therapeutic target for the prevention of
thromboembolic events in patients with I1BD.
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