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Purpose:

Materials and
Methods:

Results:

Conclusion:

To evaluate ultrasonography (US) by using contrast agent
microbubbles (MBs) targeted to P-selectin (MB,  .) to
quantify P-selectin expression levels in inflamed tissue
and to monitor response to therapy in a murine model of
chemically induced inflammatory bowel disease (IBD).

All procedures in which laboratory animals were used
were approved by the institutional administrative panel
on laboratory animal care. Binding affinity and specificity
of MB, ..., were tested in cell culture experiments under
flow shear stress conditions and compared with control
MBs (MB,..)- In vivo binding specificity of MB, , . to
P-selectin was tested in mice with trinitrobenzenesulfonic
acid-induced colitis (n = 22) and control mice (n = 10).
Monitoring of anti-tumor necrosis factor a antibody ther-
apy was performed over 5 days in an additional 30 mice
with colitis by using P-selectin-targeted US imaging, by
measuring bowel wall thickness and perfusion, and by us-
ing a clinical disease activity index score. In vivo targeted
contrast material-enhanced US signal was quantitatively
correlated with ex vivo expression levels of P-selectin as
assessed by quantitative immunofluorescence.

Attachment of MB, . to endothelial cells was signifi-
cantly (P = .0001) higher than attachment of MB,, —and
significantly (p = 0.83, P = .04) correlated with expression
levels of P-selectin on endothelial cells. In vivo US signal
in mice with colitis was significantly higher (P = .0001)
with MB,, . than with MB, . In treated mice, in vivo
US signal decreased significantly (P = .0001) compared
with that in nontreated mice and correlated well with
ex vivo P-selectin expression levels (p = 0.69; P = .04). Co-
lonic wall thickness (P = .06), bowel wall perfusion (P =
.85), and clinical disease activity scoring (P = .06) were
not significantly different between treated and nontreated
mice at any time.

Targeted contrast-enhanced US imaging enables noninvasive
in vivo quantification and monitoring of P-selectin expres-

sion in inflammation in murine IBD.

©RSNA, 2011

Supplemental material: http://radiology.rsna.org/lookup
/suppl/doi:10.1148/radiol. 11110323/-/DC1
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nflammatory bowel disease (IBD),
which includes Crohn disease and
ulcerative colitis, affects about 1.4
million people in the United States
and is characterized by extensive in-
flammatory changes in the bowel wall
(1). Because of the chronic nature of
IBD with multiple relapses and long
treatment phases, including admin-
istration of immunosuppressants and
immunomodulators that are associated
with substantial side effects, regular and
accurate monitoring of disease activity
is of paramount importance. However,
clinical scores poorly correlate with his-
tologic grades of inflammation (2), and
although endoscopic monitoring is rela-
tively invasive, it remains the reference
standard. Thus, noninvasive quantita-
tive methods with which to assess the
grade of disease are desirable.
Contrast material-enhanced ultra-
sonography (US) with contrast agent
microbubbles (MBs) targeted at molec-
ular markers of inflammation is a prom-
ising technology that enables imaging
of inflammation at the molecular level
(3-6). MBs are gas-filled echogenic con-
trast agents that can be used to bind
molecular markers by attaching binding
ligands to their surface (7). After intra-
venous injection, these targeted MBs
distribute themselves throughout the
whole body and attach to tissue sites that
overexpress specific molecular markers;
this is followed by a local increase in the
US signal (8,9). Because of their size
(several microns), MBs remain within
the vascular system. Thus, targeted

Advances in Knowledge

B [n vivo US signal with use of con-
trast agent microbubbles targeted
to P-selectin quantitatively corre-
lates (p = 0.69; P = .04) with
P-selectin expression levels on
inflamed intestinal vascular endo-
thelial cells as assessed with ex vivo
quantitative immunofluorescence.

B Targeted contrast-enhanced US
enables longitudinal in vivo moni-
toring of inflammation at the mo-
lecular level in a chemically
induced mouse model of inflam-
matory bowel disease (IBD).

contrast-enhanced US has the poten-
tial to exclusively depict intraluminal
markers on vascular endothelial cells
overexpressed in inflammation.

Inflammation in patients with IBD
is associated with increased expres-
sion of cell adhesion molecules, such
as P-selectin, on intestinal vascular endo-
thelial cells. Glycoprotein P-selectin is
one of the major endothelial adhesion
molecules involved in leukocyte capture
and rolling on the endoluminal surface
of capillaries in inflammation (1,10,11).
In capillaries of inflamed intestinal
tissue, P-selectin expression levels have
been shown to be substantially higher
than those of normal tissue (12,13).
P-selectin is highly expressed in the co-
lonic mucosa in patients with active IBD
(12,14). Furthermore, administration
of an anti-P-selectin antibody has been
reported to inhibit mucosal injury and
neutrophil accumulation in rodents with
trinitrobenzenesulfonic acid (TNBS)-
induced colitis (15). In addition, rolling
and adhesion of both the CD4+ T helper
(Th) lymphocyte type Thl (implicated in
the development of Crohn disease) and
the Th2 cells (associated with ulcerative
colitis) are mediated by P-selectin (16).
These findings indicate that quantita-
tive assessment of P-selectin expression
levels on intestinal vascular endothelial
cells may be used as a promising imaging
target with which to monitor inflamma-
tion at the molecular level.

US fulfills many of the criteria for
an ideal noninvasive imaging tool, espe-
cially for use in longitudinal monitoring
of disease activity, particularly in young
patients with IBD. For instance, US does
not expose the patient to irradiation; it
is noninvasive and relatively inexpen-
sive; it has high spatial resolution; it is
a real-time examination that can be per-
formed at the bedside; and it is routinely
available in almost all clinical imag-
ing departments throughout the world.

Implication for Patient Care

B This study lays the foundation to
further develop US as a noninva-
sive imaging tool with which to
monitor inflammation in patients
with IBD at the molecular level.

Furthermore, recent technical improve-
ments in clinical US imaging of the bowel
wall that have resulted from the introduc-
tion of hydrosonography have overcome
possible limitations of US caused by gas
in the bowel lumen (17,18).

Thus, the purpose of our study was
to evaluate US imaging by using con-
trast agent MBs targeted to P-selectin
(MB,, i) to quantify P-selectin expres-
sion levels in inflamed tissue and to mon-
itor response to therapy in a murine
model of chemically induced IBD.

Materials and Methods

One author (M.S.) is an employee of
Bracco. Authors who were not affiliated
with commercial entities (N.D., A.M.L.,
Y.R., K.F., L.T., R.P., PJ.P., JK.W.)
had control of the data and materials
submitted for publication.

Cell Lines, Preparation of MB
Flow Chamber Experiments

Standard cell culture methods were used
and are described in detail in Appen-
dix E1 (online). Targeted contrast agent

P-selectin’ and
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MBs were prepared by using standard

protocols, as described in detail in 62 mice
Appendix E1 (online). Binding affinity — \
and speciﬁcity of MB to the mo- Longitudinal ultrasound scans Single ultrasound scans
’ P-selectin - (30 mice) (32 mice)

lecular target P-selectin were first as- / \ / \
sessed in cell culture experiments under o o o O TNBS injected Saline injected (Control)
fl N .. Colitis mice W|_th Colitis mice \m?h no (22 mice) (10 mice)

ow shear stress conditions meant t0  fherapy (15 mice) therapy (15 mice) o ~
simulate flow in capillaries by using a o j )
flow chamber experimental set-up, as (Ab blocki”,',';estudy) . 10 mice
detailed in Appendix E1 (online). 6 mice

‘ (Scan at different positions of colon) ’

Murine Model of Chemically Induced IBD Ultrasound scan at Day 2
All procedures in which laboratory an- e 6 hrs Day0 Day1 Day2 Day3 Day4 Day5
imals were used were approved by | | | | | |
the institutional administrative panel on ~ * l 1 l 1 1 1
laboratory animal care. Male BALB/c

. .. . c c =4 c c c
mice (6-8 weeks old) were divided into TNBS 8 S el = sl 8

N Administration ol ® ol ol o o
two groups. In the first group (n = 52), g 8| a| a| o
chemically induced inflammation of the  Anti TNFa Ab
colon was induced according to well- Treatment cgf::f?;r cg:::ff;r
described methods (19). Briefly, dur- A’::L::‘F::\b ex vivo ex vivo
. . . . . men' i i
ing inhalation anesthesia (2% isoflu- (:'aar':ii':) (az';arg;':)
rane in 2 L. of oxygen per minute), a . ) i ) ) o
Figure 1:  Flow diagram summarizes experimental design of in vivo targeted contrast-enhanced US.

5-cm catheter (PE 90; Becton Dickinson,
Sparks, MD) was inserted carefully with
lubrication into the colon (with the tip
approximately 4 cm proximal to the
anus), and the contact sensitizing al-
lergen 2.4.6-TNBS (2.5 mg in 50%
ethanol; total injection volume, 100 pl)
was administered into the lumen of the
colon via the catheter. In the control
group (n = 10), only saline was admin-
istered via the catheter.

In Vivo US of Mice

Figure 1 summarizes the study design of
all US experiments. Inhalation anesthe-
sia was maintained in all mice with 2%
isoflurane in room air (2 L/min) during
scanning. Targeted contrast-enhanced
US was performed by using nonlinear
harmonics response from MBs with a
US machine dedicated to small-animal
imaging (Vevo 2100; VisualSonics, To-
ronto, Ontario, Canada). Images were
collected in a transverse plane with high
spatial resolution (lateral and axial res-
olution of 165 pm and 75 pm, re-
spectively; focal length, 8 mm; transmit
power, 10%; mechanical index, 0.2;
dynamic range, 35 dB) by using a dedi-
cated transducer (MS250, VisualSonics;
center frequency of 21 MHz). All imag-
ing settings were kept constant through-
out imaging sessions for all animals. In

Ab = antibody.

each mouse, US was performed in a rep-
resentative colon segment approximately
3 cm from the anus. In a subgroup of six
additional mice with colitis, US was also
performed 2 and 4 cm from the anus to
confirm that P-selectin expression is ele-
vated at different locations of the colon in
this animal model of IBD.

In all mice, intraanimal compari-
sons of imaging signals after injection
of MB, ..., and control MBs (MB, )
(for preparation of different MB types,
please refer to Appendix E1 [online])
were performed by injecting both types
of MBs in the same animal during the
same imaging session. Mice were injected
in random order twice with a bolus of
100 pL of saline containing either 5 X 107
MB, i OF 5 X 107 MB |
travenous catheter placed into one of the
two tail veins (injection time, 2 seconds).
To allow MBs from previous injections
to clear, we waited at least 30 minutes
between injections (8). During the bolus
injection, signal intensity—-time curves
were acquired over 20 seconds to assess
perfusion in the colon wall from peak
enhancement, as described previously
(20). US imaging was then performed,
as described previously (21-23): Four

via an in-

minutes after each MB bolus injection,
120 B-mode imaging frames were ac-
quired over a 6-second period. This was
followed by application of a destruction
pulse of 3.7 MPa (transmit power, 100%;
mechanical index, 0.63 for 1 second to
destroy all MBs in the field of view).
Nine seconds later, 120 frames were
acquired again to capture the influx of
freely circulating MB.

To further demonstrate specific bind-
ing of MB, .. to the target P-selectin
in vivo, an additional subgroup of six
mice with colitis was first imaged by us-
ing the US sequence described previously
after administration of MB, .. After
a 30-minute pause to allow clearance of
the MB, in vivo blocking of P-selectin
binding was performed by allowing 125
pg of rat antimouse P-selectin antibody
(BD Pharmingen, San Diego, Calif),
which was injected via the tail vein,
to circulate for 30 minutes. Thereafter,
US of the same colon segment was per-
formed a second time after intravenous
injection of MB

P-selectin®

Monitoring of Antiinflammatory Treatment
Longitudinal in vivo US imaging.—A
longitudinal imaging study was performed
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in an additional 30 mice with TNBS-
induced colitis that were divided into
two groups (Fig 1). Mice in group 1
(n =13) did not receive antiinflammatory
treatment (intravenous administration
of saline only), while those in group 2
(n = 15) received antiinflammatory
treatment. Antiinflammatory treatment
consisted of daily intravenous adminis-
tration of a clinically used anti-tumor
necrosis factor (TNF) a monoclonal
antibody (infliximab, Remicade; Centocor
Ortho Biotech, Horsham, Pa) at a dose
of 5 mg per kilogram of body weight.
Targeted contrast-enhanced US with
MB, e Was performed before TNBS
injection (day —1), 6 hours after TNBS
injection (day 0), and 1, 2, 3, 4, and 5
days after TNBS injection, as described
previously. Mice were not imaged be-
yond 5 days after TNBS injection since it
has been shown that mice recover spon-
taneously at about 5-7 days after rectal
TNBS administration (19,24-26).

In vivo clinical assessment of colitis
in mice.—A well-described disease ac-
tivity index for mice was used to clini-
cally evaluate grade and extent of intesti-
nal inflammation (27,28). In brief, for all
animals, weight, stool blood, presence of
gross blood, and stool consistency were
determined daily by combining scores of
weight loss, stool consistency, and bleed-
ing and then dividing the combined score
by three. Each score was determined as
follows: change in weight (0, <1%; 1,
1%-5%; 2, 6%-10%; 4, >10%), stool
blood (0, negative; 2, positive or gross
bleeding (5,6), and stool consistency (0,
normal; 2, loose stools; 4, diarrhea), as
described previously (27,28).

US Image Analysis

All imaging data sets were analyzed
offline and in random order at a ded-
icated workstation with commercially
available software (VevoCQ; Visualsonics,
Toronto, Ontario, Canada) by a biologist
(N.D.) and a radiologist (Y.R.) with 2
years and 1 year of experience in small-
animal US image analysis of the large
bowel, respectively, who were blinded
to the type of MB used (MB, .. Vs
MB,, ..) and the type of animal (mice
with colitis vs control mice, mice that
received treatment vs those that did

not). First, the mean thickness of the
bowel wall was measured on transverse
B-mode images by using an electronic
caliper available on the workstation by
averaging the values obtained in four
regions of the colon wall (3, 6, 9, and
12 o’clock). Regions of interest (area
range, 5-9 mm?) were then drawn over
the colon wall. The peak signal inten-
sity of the signal intensity-time curves,
which is the maximal contrast enhance-
ment in the region of interest, was cal-
culated from the US data sets acquired
after bolus injections to estimate perfu-
sion in the colon wall, as described pre-
viously (20). The magnitude of imaging
signal from attached MB was calculated
by calculating an average for pre- and
postdestruction imaging signals and sub-
tracting the average postdestruction sig-
nal from the average predestruction
signal, as described previously (22,29).
Images representing the adherent MB
were displayed as a color-coded signal
overlaid on the B-mode image.

Ex Vivo Analysis of Colon Tissues

Ex vivo analysis of colon tissues for
histopathologic, quantitative immuno-
fluorescence, and microvessel density
analyses was performed with standard
techniques. Details are provided in Ap-
pendix E1 (online).

Statistical Analysis

Data are reported as means * stan-
dard deviation. For flow chamber ex-
periments, a Poisson regression model
was used to compare groups regard-
ing number of attached MB,, .~ and
MB within one cell type, attachment

Control
of MB and MB, = between two

cell ty};égpv(‘gl‘cimlllated and nonstimulated
vascular endothelial cells), and differ-
ences in MB, . . attachment bhefore
and after addition of blocking antibodies.
Repeated measurements were accounted
for by using a subject-specific random in-
tercept at Poisson regression. Differences
in expression levels of P-selectin between
stimulated and nonstimulated vascular
endothelial cells were also assessed with
a Poisson regression model. The Pearson
correlation coefficient (p) was calculated
to measure the correlation between ex-
pression levels of P-selectin on vascular

endothelial cells and the number of at-
tached MB,, . per cell and the corre-
lation between in vivo US signal and
ex vivo expression levels of P-selectin.
The nonparametric Wilcoxon rank sum
test was used to compare in vivo imaging
signal after administration of MB
with that after administration of MB, .
to compare US signal, mean bowel wall
thickness, and peak enhancement in nor-
mal mice with those in mice with colitis,
and to compare US signal, mean bowel
wall thickness, and peak enhancement in
mice that received treatment with those
in mice that did not. The nonparametric
sign test was used to compare US signals
before and after blocking with the anti-P-
selectin antibody. The reliability of mea-
surement of bowel wall thickness, peak
enhancement, and US signal obtained by
two independent readers was assessed
with the intraclass correlation coefficient
(ICC). ICCs were defined as follows: an
ICC of 0-0.20 indicated no agreement;
an ICC of 0.21-0.40, poor agreement; an
ICC of 0.41-0.60, moderate agreement;
an ICC of 0.61-0.80, good agreement;
and an ICC greater than 0.80, excel-
lent agreement (30). The sample sizes
were selected to have adequate power
to enable detection of the expected dif-
ferences. For example, we selected 22
mice with induced inflammation and 10
control mice to have 80% power to de-
tect a group difference of 1.10 standard
deviations. We additionally selected 15
mice that underwent treatment and 135
mice with colitis that did not undergo
treatment to have 80% power to detect
a difference of 1.0 standard deviation,
which is expected given the effective-
ness of the antiinflammation treatment.
All statistical analyses were performed
with R2.10.1 software (www.r-project
.org). A P value of less than .05 was
considered indicative of a significant
difference.

Flow Chamber Cell Culture Experiments

Vascular endothelial cells showed back-
ground expression of P-selectin (54375
receptors per cell = 11640), which was
significantly (P = .001) increased after

Control

Radiology: \/olume 262: Number 1—January 2012 = radiology.rsna.org

175



>
<

S
=

&
s

MOLECULAR IMAGING: Inflammation in Murine Inflammatory Bowel Disease

Deshpande et al

stimulation with TNFa (88788 receptors
per cell = 7871). Consequently, attach-
ment of MB, | . was significantly higher
(P =.001) in cells stimulated with TNFa
than in nonstimulated cells (Fig 2, Table).
Furthermore, attachment of MB, .
to stimulated (P = .001) and non-
stimulated (P = .001) endothelial cells
was significantly higher compared with
attachment of MB_ =~ (Fig 2, Table).
Administration of blocking antibodies
significantly decreased MB, .

tachment to stimulated (P = .001) and
nonstimulated (P = .002) cells, further
enabling us to confirm binding specific-
ity of MB, ... to the target P-selectin
in cell culture experiments. In addition,
there was a significant correlation be-
tween the number of attached MB, .
and the expression levels of P-selectin
on vascular endothelial cells as assessed

with flow cytometry (p = 0.83, P =.04).

In Vivo US Imaging of Mice

In vivo US signal obtained from the
colon wall in animals with colitis was
significantly higher (P = .001) after
administration of MB, . (16.2 dB
+ 2.8) than after administration of
MB,, ... (3.5 dB = 1.5). Furthermore,
imaging signal in animals with colitis
was significantly (P = .003) higher than
that in control animals (3.3 dB = 2.8)
after MB, . administration (Fig 3).
These differences were significant at
all three anatomic levels (2, 3, and
4 cm from the anus), and there was
no significant difference (P = .06-.78)
between in vivo molecular imaging sig-
nals after MB, . administration at
the three anatomic levels. Specificity
of the observed binding of MB, . to
the target P-selectin in mice with coli-
tis was further evaluated with in vivo
blocking of the receptor with anti-P-
selectin antibodies (in vivo imaging
signal with MB, .= was significantly
reduced [P = .03] after in vivo anti-
body blocking). Histopathologic analysis
(Fig 3) enabled us to confirm the pres-
ence of colonic inflammation in mice
after TNBS administration (mean his-
tologic score, 2.0 = 0.77 in mice with
colitis after TNBS administration vs
0.3 = 0.4 in mice with a normal colon;
P =.003).

Stimulated

M BP-selectin

M BControI

Non stimulated

Figure 2:  A-D, Phase-contrast bright-field micrographs (original magnification, x100; scale bar = 20

wm) show binding of MB, .. (
stimulated vascular endothelial cells.

arrows in Aand B) and MB

conry (@1TOWS in Cand D) to stimulated and non-

Attachment of MB, .. and MB_  _ to Nonstimulated and Stimulated Vascular
Endothelial Cells in Cell Culture Experiments

Cell Type MB, ... MB PValue  MB, . after Blocking P Value
Nonstimulated endothelial cells 1.0 = 0.1 0.4 = 0.03 .001 0.4 *0.1 .002
Stimulated endothelial cells 1.7+02 04=01 .001 03+0.1 .001

Note.—Data are means = standard deviation of attached MBs per cell. P values were calculated by comparing data with

MB data.

P-selectin

Monitoring of Antiinflammatory Treatment
Longitudinal in vivo US imaging.—Be-
fore treatment was initiated (day —1),
US signal was not significantly (P = .64)
different between mice that received
treatment and those that did not. US
signal significantly (P = .001) increased
as early as 6 hours after rectal TNBS
administration in both groups of mice
and remained high during the first 2
days of treatment (Fig 4). At day 3, US
signal significantly (P = .001) decreased
in mice that received treatment (10.2
dB * 2.4) and remained lower at day 4
(8.2 dB = 2.1) compared with US signal
in mice that did not receive treatment
(13.0 dB = 3.8). At day 5, there was no
significant difference (P = .14) between

mice that received treatment and those
that did not regarding US signal; this
was likely due to known spontaneous
recovery of mice that did not receive
treatment (24-26). Histologic scoring
enabled us to confirm that there was a
significant (P = .02) decrease in grade of
inflammation in mice that received treat-
ment versus mice that did not at day 3
(mean histologic score, 0.9 = 0.6 vs
2.0 = 1.0). Overall, there was excellent
interobserver agreement between both
readers regarding MB, . signal at all
time points (overall ICC, 0.88).

In contrast, bowel wall thickness
was not significantly different (P = .06)
between treated mice (mean thick-
ness, 0.46 mm; range, 0.09-0.81 mm)
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No contrast

Figure 3:

MB

P-selectin

Transverse US images of the colon wall obtained in, A-C, a mouse with TNBS-induced colitis and, £-G, a healthy control mouse.
US signal (overlaid as a color map on B-mode images, scale bar = 1 mm) in the colonic wall (arrows) after MB
tially higher in colitis (B) than in normal colon (F) and was significantly higher compared with MB,

Control

injection was substan-

P-selectin

used in colitis (C) and normal colon (G).

Hematoxylin-eosin (H&E) staining enabled us to confirm the presence of high-grade inflammation in the mouse with colitis (D) and normal
histologic bowel wall appearance in the normal control mouse (F). (Original magnification, X100.)

and mice that were not treated (mean
thickness, 0.46 mm; range 0.18-0.88
mm) at any time point. Similarly, peak
enhancement as a measure of perfu-
sion in the bowel wall was not signifi-
cantly different (P = .85) between mice
that received treatment (mean, 17.5
dB; range, 9-25 dB) and mice that did
not (mean, 17.5 dB; range, 5-24 dB)
at any time point. While interobserver
agreement was poor regarding bowel
wall measurements (ICC = 0.21), inter-
observer agreement was good regarding
measurements of peak enhancement
(ICC =0.72).

In vivo clinical assessment of co-
litis in mice.—There was a trend to-
ward lower clinical disease activity index
scoring in mice that received treatment
versus those that did not; however, the
differences between groups were not
significantly different (P = .06) at any
time point.

Ex Vivo Analysis of Colon Tissues

There was good quantitative correla-
tion between in vivo US signal with
MB, ... and ex vivo expression levels
of P-selectin as assessed with quantitative
immunofluorescence (p = 0.69, P = .04),
with higher P-selectin expression levels
in mice with colitis versus those in mice

with a normal colon and downregulation

of P-selectin in mice that received treat-
ment versus mice that did not (Fig 5). In
addition, P-selectin staining colocalized
with CD3l-stained intestinal vascular
endothelial cells (Fig 5) enabled us to
confirm that the in vivo US signal was
indeed generated by MBs attaching to P-
selectin expressed on vascular endothe-
lial cells in the colon wall. Microvessel
density analysis revealed no significant
difference (P = .7) between treated mice
and those that were not treated (27.8 =
2.7 vs 29.8 = 7.8, respectively).

Because of the poor correlation of clin-
ical scores with histologic grades of in-
flammation (31) and the invasiveness
of the reference standard, colonoscopy
(with recognized limitations, such as
procedure-related discomfort, risk of
bowel perforation, and relatively poor
patient acceptance), noninvasive quan-
titative methods with which to assess
the grade of inflammation are critically
needed for patients with IBD.

In our study, we explored the poten-
tial of US with a molecularly targeted
contrast agent in the quantification and
monitoring of inflammation at the mo-
lecular level in a murine model of IBD.
We first confirmed binding affinity and

specificity of MB, . to the molecular
target P-selectin overexpressed in IBD
in flow chamber cell culture experi-
ments by showing increased attachment
of MB,, ..., to vascular endothelial cells
stimulated to overexpress P-selection
compared with nonstimulated cells.
MB, ,..;, attachment to stimulated vas-
cular endothelial cells was significantly
higher compared with MB, and could
be substantially blocked after admin-
istration of blocking antibodies. Fur-
thermore, the attachment of MB, .
under flow shear stress conditions sub-
stantially correlated with the expres-
sion levels of P-selectin on vascular
endothelial cells as assessed with flow
cytometry. Similarly, in vivo imaging
signal after administration of MB, ..
was substantially higher compared with
MB,, .. in the murine IBD model and
could be substantially blocked with anti-
P-selectin antibodies. These findings sug-
gest that US imaging enables noninva-
sive assessment of P-selectin expression
in murine IBD.

Targeted contrast-enhanced US has
shown promise in the assessment of
markers of inflammation in atheroscle-
rosis (32,33), the myocardium (34,35),
the kidneys (36), and the hindlimb and
cremaster muscles (37,38). However,
there is limited experience with targeted
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Figure 4:  Graph summarizes
mean US signals with MB, .
in longitudinal US experiments.
Mice were scanned before (day
—1) and at days 0 (6 hours),
1,2, 3,4, and 5 after rectal
TNBS administration. US signal
significantly decreased at day 3
in mice that received treatment,
while it remained elevated

in mice that did not receive

Day-1 Day 0 Dayl Day2 Day3

Normal

Psel CD31

Psel/CD31

Day4

Colitis

: treatment. Note spontaneous
Day5 recovery of mice that did not
receive treatment beginning at
day 4. Error bars = standard
deviations.

Treated

Figure 5:  Representative colon sections in a control mouse, a mouse with TNBS-induced colitis, and a
mouse with colitis after anti-TNF-« treatment. Sections were stained for the endothelial cell marker CD31
(green) and the inflammation marker P-selectin (red, Pse). Merged image (Psel/CD31) shows coexpression
of P-selectin and CD31 on vascular endothelial cells in the mouse with colitis, as indicated by the yellow
band. There is only background expression of P-selectin on vascular endothelial cells of normal colon and
downregulation of vascular P-selectin expression in colitis after anti-TNFa treatment. Arrows = vessels.

contrast-enhanced US of inflammation
in subjects with IBD. A study (39) showed
feasibility of inflammation imaging in the
SAMP1/Yit Fc mouse strain, a model

of Crohnlike ileitis that uses a mucosal
addressin cellular adhesion molecule-
1-targeted contrast agent MB. Our re-
sults take this observation to several

different levels: The first is by quantita-
tive correlation of the in vivo US signal
with the ex vivo expression levels of the
inflammation marker P-selectin, as as-
sessed with quantitative immunofluores-
cence. The second is by comparing in
vivo imaging signal with morphologic
and functional imaging criteria, includ-
ing bowel wall thickness and bowel per-
fusion, as well as with an established clin-
ical disease activity index in mice. The
third is by exploring the potential of US
imaging in monitoring antiinflammatory
treatment in a longitudinal in vivo imag-
ing trial. The fourth is by assessing in-
terobserver agreements when analyzing
morphologic, functional, and molecular
parameters in a murine model of colitis.

Our study showed that in vivo tar-
geted contrast-enhanced US imaging with
MB,, _ \.ciin SUbstantially correlated with
ex vivo expression levels of P-selectin,
suggesting that this US approach may
be used as a noninvasive surrogate
in the quantification of molecular tis-
sue biomarkers of inflammation, such
as P-selectin. This was further under-
scored by our longitudinal antiinflam-
matory treatment trial with a clinically
approved anti-TNFa antibody. Three
days after treatment initiation, the
in vivo US signal substantially dropped;
however, in mice that were not treated,
the imaging signal remained elevated.
The decreased signal correlated well
with decreased P-selectin expression
as quantified by immunofluorescence.
In contrast, we did not observe a sig-
nificant difference between the clini-
cal disease activity score in mice that
underwent treatment and that in mice
that did not in the present study at any
time point. Furthermore, there was no
significant difference between mice that
underwent treatment and those that
did not regarding bowel wall thickness
and bowel wall perfusion. Thus, this
approach may be further developed as
an imaging surrogate end point in the
study of therapeutic approaches to IBD
in preclinical experiments and may ul-
timately be used in future clinical trials
to monitor inflammation at the molecu-
lar level in patients with IBD.

We acknowledge the following limita-
tions of our study. In this proof-of-principle
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preclinical study, we used streptavidin-
biotin binding chemistry to make MBs
functional, which can cause allergic reac-
tions in patients. Ongoing research ex-
plores next-generation contrast agent MBs
by using binding chemistry that enables a
clinical translation of targeted MB tech-
nology into patients (40,41). Further-
more, three-dimensional US approaches
could substantially improve imaging
over the currently limited field of view
of two-dimensional US of the intestine.
Finally, although TNBS-induced colitis
is a well-established murine IBD model,
it is a relatively short-term model, and
mice recover spontaneously without treat-
ment about 5-7 days after rectal TNBS
administration (24-26). Thus, future stud-
ies are warranted in which researchers
use animal models of more chronic IBD
that enable longer longitudinal US imag-
ing experiments to confirm our in vivo
findings.

The results of our study suggest that
targeted contrast-enhanced US imaging
with MB, . enables accurate and re-
liable quantification and monitoring of
inflammation at the molecular level in a
chemically induced murine IBD model.
Our study lays the foundation for an
eventual future translation of US imaging
and monitoring of inflammation in pa-
tients with IBD.
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