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Targeting proteins that are overexpressed in atherosclerotic pla-
ques may open novel diagnostic applications. The C domain of
tenascin-C is absent from normal adult tissues but can be in-
serted during tumor progression or tissue repair into the mole-
cule by alternative splicing. We tested the ability of the human
antibody G11, specific to this antigen, to reveal murine athero-
sclerotic plaques ex vivo. The antibody directed against the extra
domain B of fibronectin (L19) was used as a reference. Methods:
We intravenously injected 125I-labeled G11 or L19 antibodies into
apolipoprotein E-deficient (ApoE2/2) mice and harvested the
aortae 4 or 24 h later. En face analyses of distal aortae and lon-
gitudinal sections of the aortic arch were performed to compare
antibody uptake using autoradiography with plaque staining us-
ing oil red O. Plaque macrophages were detected by immunohis-
tochemistry (anti-CD68 staining). Biodistribution of injected
antibodies was investigated in aortae and blood at 4 and 24 h.
Results: En face analyses revealed a significant correlation be-
tween radiolabeled G11 and fat-stained areas, increasing from
4 to 24 h, with a correlation coefficient of 0.92 (P , 0.0001) and
an average signal-to-noise ratio of 104:1 at 24 h. Plaque imaging
using L19 showed similar results (r 5 0.86; P , 0.0001; signal-to-
noise ratio, 72:1 at 24 h). Uptake of radiolabeled antibodies in
histologic sections colocalized with fat staining and activated
macrophages in aortic plaques. Biodistribution analyses con-
firmed specific accumulation in aortic plaques as well as rapid
blood pool clearance of the antibodies 24 h after injection. Immu-
nofluorescence analyses revealed increased expression of
tenascin and fibronectin isoforms in macrophage-rich plaques.
Conclusion: The antibody G11, specific to the C domain of
tenascin-C, visualizes murine atherosclerotic plaques ex vivo.
In conjunction with the increased expression of the C domain
of tenascin-C in macrophage-rich plaques, the colocalization
of G11 uptake with activated macrophages, and the favorable
target-to-blood ratio at 24 h, this antibody may be useful for mo-
lecular imaging of advanced atherosclerotic plaques in the intact
organism.
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The vulnerable plaque poses an important problem in
cardiovascular disease. Bearing the risk of rupturing, the
vulnerable plaque may cause either plaque progression (1)
or complete arterial lumen obstruction leading to myocar-
dial infarction or stroke. Currently, the clinical diagnosis of
atherosclerotic plaques relies on methods such as angiog-
raphy, ultrasound, CT, optical coherence tomography, and
MRI. These techniques give insight into plaque morphol-
ogy with ever-increasing spatial resolution, but they provide
only limited information about plaque biology. In principle,
molecular information about processes in plaque formation
and stabilization could be gained using specific ligands (typ-
ically, human monoclonal antibodies) that recognize suitable
markersofdiseaseand that are radiolabeled fordetection by PET.

Atherosclerosis is increasingly recognized as a chronic
inflammatory disease (2). Particularly, macrophages that be-
come foam cells or T-lymphocytes have been shown to play
a crucial role in atherogenesis (3). In accordance with this
concept, we have reported that treatment of atheroscle-
rotic mice with an antiinflammatory agent such as a c-Jun
N-terminal kinase inhibitor (4) decreases atherosclerosis.
Furthermore, we and others have shown that patients with
systemic inflammatory diseases such as rheumatoid arthri-
tis and systemic lupus erythematosus exhibit an increased
incidence of atherosclerotic disease and myocardial infarc-
tions (5–7).

Inflammation and tumor growth are associated with the
formation of new blood vessels. The human recombinant
antibody L19, specific to the extra domain B of fibronectin,
has been shown to selectively localize around newly formed
tumor blood vessels both in animal models and in patients
with cancer (8,9). A radiolabeled derivative of the L19
antibody (10) and the fusion protein between L19 and
interleukin-2 (11) are currently being investigated in clinical
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trials. Furthermore, we have recently shown that radioac-
tive or fluorescent preparations of the L19 miniantibody (or
small immune protein [SIP]) revealed atherosclerotic pla-
ques in ApoE2/2 mice (12), thus opening attractive oppor-
tunities for imaging atherosclerotic plaques or for targeted
delivery of therapeutic agents.

Tenascin-C is a large, adhesive extracellular matrix glyco-
protein that can accommodate the insertion of extra domains
by a mechanism of alternative splicing during tumor pro-
gression or tissue remodeling (13). Interestingly, tenascin-C
also plays an important role in vascular diseases. Indeed,
tenascin-C expression is induced after balloon injury (14),
in progressive pulmonary vascular disease (15) in arterial-
ized vein grafts (16), and—notably—in macrophage-rich
human coronary atherosclerotic plaques (17). Recently, we
have discovered that the extra domain C (C domain), being
undetectable in normal adult tissues (18), displays a more
restricted pattern of expression than do other domains. Taking
advantage of a large library of synthetic human antibody
phage displays, we have isolated a high-affinity minianti-
body against the C domain of tenascin-C (hereafter termed
G11) and showed that specific antibodies to this target were
able to stain vascular structures in tumors (19) with spe-
cifically high tumor-to-blood ratios for gliomas and lung
tumors (20).

In this study, we have characterized expression of the C
domain of tenascin-C within murine atherosclerotic pla-
ques. After intravenous administration of this antibody into
ApoE2/2 mice, we demonstrated the ability of radiolabeled
G11 to selectively identify plaques ex vivo and to colocalize
with activated plaque macrophages. Comparisons of the
plaque-targeting ability of radiolabeled G11 or L19 re-
vealed that both antibodies displayed similar signal-to-
noise ratios.

MATERIALS AND METHODS

Antibodies
Both G11 and L19 were expressed in HEK293 cells in the mini-

antibody SIP format and were purified to homogeneity on antigen
columns (10). The high-affinity G11 antibody was obtained from
the parental A12 antibody (19,20) using an affinity maturation
procedure developed by our group (21).

Animals
Atherosclerotic plaques were analyzed in male apolipoprotein E

knockout (ApoE2/2) mice (22) (C57BL/6J background) that were
fed, for 3–5 mo, a high-cholesterol diet (1.25% total cholesterol,
RD12108; Research Diets) that had been started at an age of 8 wk.
The mice were evenly distributed between the G11 and the L19
groups. All animal experiments were performed in agreement with
institutional guidelines and approved by the local animal com-
mittee.

Harvest and Tissue Processing
The mice were sacrificed 4 or 24 h after injection of 125I-

labeled G11 (0.3 MBq, 8 mg; 12 mice) or 125I-labeled L19 (0.3
MBq, 8 mg; 11 mice) into the tail vein. We selected these time
points on the basis of our previous findings using radiolabeled L19

for imaging murine atherosclerotic plaques (12). After we punc-
tured the left ventricle and cut the right atrium, the vessels were
rinsed with normal saline and the aorta was excised after dissec-
tion of the adventitial tissue. For en face analyses, the distal aorta
(from left subclavian artery to iliac bifurcation) was opened lon-
gitudinally (23). For microscopic examinations, the aortic arch
was embedded in optimal-cutting-temperature compound (Tissue-
Tek; Sakura) and frozen in isopentane. Serial longitudinal sections
of the aortic arch (10 mm thick) were cut within 24 h after
harvesting and thaw-mounted on glass slides for microautoradiog-
raphy and immunohistochemistry. Immunofluorescence studies
were performed on aortic samples of atherosclerotic ApoE2/2

mice without prior antibody injections.

Plaque Imaging
Morphology and Autoradiography. For en face macroautora-

diography, the distal aortae were longitudinally opened and ex-
posed on a phosphor-imaging screen (for 72 h with 125I-G11; for
16 h with 125I-L19). The area of plaque was visualized by fat
staining (oil red O) and photographed with a 12.5-megapixel digital
camera (DP70; Olympus) that was mounted on an SZX951 micro-
scope (Olympus Schweiz AG). For microautoradiography, lon-
gitudinal sections of aortae were exposed as above (for 7 d with
125I-G11; for 3 d with 125I-L19). The data were scanned (Fuji
BAS 1800 II; pixel size, 50 mm) for further analyses.

Signal Quantification. The lesion-to-nonlesion (signal-to-noise)
ratio in autoradiography of longitudinally opened aortae was deter-
mined using integration of signal intensity (NIH Image J 1.33) over
corresponding aortic areas, taking the mean of 5 measurements
from each animal. The corresponding ratios in 3 serial longitudinal
sections of the proximal aorta were determined after injections of
125I-G11 or 125I-L19 by relating the signal intensity of a region of
interest within the plaque to a region outside the lesion, taking the
mean of 3 measurements from each animal (n 5 6 for G11 and L19
at 24 h; n 5 3 at 4 h). En face fat staining and corresponding
macroautoradiography were compared by tracing all positive areas
(Analysis Five Docu; SoftImaging System) and correlating the
percentage of the total vessel areas positive using the Spearman rank
correlation test (GraphPad Prism, version 4).

Immunofluorescence and Immunohistochemistry. Longitudinal
sections of aortic arches were fixed with acetone, and fluorescence
staining was performed using the following primary antibodies:
SIP(L19) or SIP(G11), rat antimouse CD68 (Serotec) for macro-
phages, or rat antimouse CD31 (BD Pharmingen) for endothelial
cells. As secondary antibodies, we used rabbit antihuman IgE
(DAKO) for G11 and L19 followed by Alexa Fluor 594 goat
antirabbit IgG (Molecular Probes) and, for CD68 and CD31,
Alexa Fluor 488 goat antirat IgG (Molecular Probes). For immu-
nohistochemical detection of anti-CD68 antibody, we used an
alkaline phosphatase–labeled donkey antigoat antibody. Alkaline
phosphatase was visualized using naphthol AS-BI phosphate and
new fuchsin as substrate. Endogenous alkaline phosphatase was
blocked by levamisole. Color reactions were performed at room
temperature for 15 min with reagents from Sigma. Sections were
counterstained with hematoxylin, and cover slips were mounted
with glycerol and gelatin. Negative controls included omission of
the first antibodies and preincubation of the first antibodies with
immunogenic peptides. Slides were mounted with Glycergel
mounting medium (Dako). All sections were photomicrographed
with a digital camera (Olympus DP50-CU) mounted on an Olympus
BX51 microscope and digitized (Analysis 5; SoftImaging System).
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Biodistribution
Radioactivity in blood and harvested aortae, liver, kidney, heart,

and spleen was measured in a g-counter (Packard Cobra II;
Perkins Elmer) and expressed as percentage injected dose (%ID)
per gram of organ weight to determine biodistribution. Counting
time per sample was 5 min; decay correction was performed ac-
cording to the time of injection. Blood-pool clearance between
4 and 24 h after injection was calculated as 100% (1 2 (%ID/g
[24 h]/%ID/g [4 h])).

Competition Assay
To compete with the targeted antigens in vivo, the recombinant

C domain of tenascin-C or the recombinant extra domain B of
fibronectin was premixed in a 10-fold molar excess with the an-
tibodies G11 or L19 and injected intravenously into ApoE2/2

mice. A second dose of antigen (10-fold molar excess) was injected
15 min later. The mice were sacrificed 24 h after the first injection,
and aortae were processed for imaging as already described.

Statistics
Values are given as mean 6 SD. A P value of less than 0.05

was considered statistically significant.

RESULTS

Production and Labeling of G11 and L19 Miniantibodies
with Radioiodine

The antibodies G11 and L19 were expressed in minianti-
body SIP format (Fig. 1A). Sodium dodecylsulfate-poly-
acrylamide gel electrophoresis of SIP(G11) and SIP(L19)
samples demonstrated a molecular weight of 80 kDa in
nonreducing conditions and of 40 kDa in the presence of
b-mercaptoethanol (Fig. 1B), because of the reductive cleav-
age of an interdomain disulfide bridge between the eCH4
domains of human IgE, used for antibody dimerization.

Selective Detection of Murine Plaques Ex Vivo with
125I-G11

To assess plaque-targeting ability, we injected similar
amounts of 125I-labeled preparations of SIP(G11) or SIP(L19)
into ApoE2/2 mice and performed en face aortic autoradiog-
raphy at 4 or 24 h after antibody injection (Fig. 2).

FIGURE 1. (A) Schematic structure of antibodies in SIP
format. (B) Sodium dodecylsulfate-polyacrylamide gel electro-
phoresis analyses in reducing (R) and nonreducing (NR)
conditions of G11 and L19. A pure covalent homodimer is ob-
served for both antibodies when running the gel in nonreducing
conditions.

FIGURE 2. (A) Macroautoradiography (left) and fat staining
using oil red O (right) of longitudinally opened aortae 4 h after
intravenous injection of 125I-G11 (0.3 MBq, 8 mg per animal) into
apolipoprotein E knockout (ApoE2/2) mice (n 5 4). Compar-
isons of corresponding en face autoradiographic signals and fat
staining in single plaques demonstrate significant correlation
(r 5 0.77; P , 0.0001). Each circle (n 5 57) refers to single
autoradiographic signal and its corresponding plaque staining.
(B) En face analyses 24 h after injection of 125I-G11 (0.3 MBq, 8
mg per animal) into ApoE2/2 mice (n 5 8): r 5 0.92; P , 0.0001;
n (total plaques) 5 152. (C) En face analyses 4 h after injection
of 125I-L19 (0.3 MBq, 8 mg per animal) into ApoE2/2 mice (n 5

4): r 5 0.93; P , 0.0001; n (total plaques) 5 50. (D) En face
analyses 24 h after injection of 125I-L19 (0.3 MBq, 8 mg per
animal) into ApoE2/2 mice (n 5 7): r 5 0.86; P , 0.0001; n (total
plaques) 5 113.
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Comparisons of the corresponding en face autoradio-
graphic signals and fat staining in single plaques 4 h after
injection of 125I-G11 demonstrated a highly significant cor-
relation (r 5 0.77; P , 0.0001) and a sensitivity of 74% to
detect fat-stained areas by autoradiography (4 mice; Fig.
2A). The mean signal-to-noise ratio of this macroauto-
radiography relating radioactivity uptake in plaque-bearing
to plaque-free vessel wall was 43:1. Twenty-four hours
after injection of 125I-G11, the correlation between auto-
radiography and fat staining increased to 0.92 (P , 0.0001),
with a sensitivity of 76% (8 mice). The mean signal-to-noise
ratio increased to 104:1 (Fig. 2B).

The corresponding analyses for 125I-L19 4 h after injec-
tion (4 mice) revealed a similar antibody uptake (signal-to-
noise ratio, 48:1; r 5 0.93; P , 0.0001; sensitivity, 82%;
Fig. 2C). Comparing autoradiography and fat staining 24 h
after 125I-L19 injection, we found a correlation of 0.86
(7 mice; P , 0.0001; signal-to-noise ratio, 72:1; sensitivity,
85%; Fig. 2D).

Colocalization of Uptake of 125I-G11 with Plaque
Macrophages

To characterize the plaque structures targeted by SIP(G11)
in more detail, we evaluated longitudinal aortic arch sec-
tions of the same ApoE2/2 mice 4 and 24 h after injection
of 125I-labeled G11 or L19, respectively (Fig. 3). Uptake
of radiolabeled antibodies in adjacent histologic sections
colocalized with fat staining as well as activated macro-
phages in aortic plaques. The signal-to-noise ratios in serial
sections of the aortic arch were 50:1 for 125I-G11 and 50:1
for 125I-L19 (3 each) at 4 h and increased to 90:1 for 125I-
G11 and 68:1 for 125I-L19 at 24 h (6 each).

We did not repeat experiments with a negative control
antibody, because we previously described these findings

using SIP(HyHEL-10), recombinant miniantibody HyHEL-
10 (directed against hen egg lysozyme) (12).

Accumulation of 125I-G11 in Atherosclerotic Aortae and
Rapid Clearance from Blood

For measuring the antibody distribution in blood, aortae,
and other organs of interest, we performed biodistribution
experiments of radiolabeled G11 and L19. We found an
aorta-to-blood ratio of 0.45 at 4 h after injection of 125I-G11
(Table 1). This ratio tripled to 1.53 at 24 h after injection.
The biodistribution of 125I-L19 showed a substantially
slower clearance profile, resulting in both higher blood
and higher organ radioactivity values. Similar to 125I-G11,
the aorta-to-blood ratio increased from 0.38 to 3.13 be-
tween 4 and 24 h (Table 1). The blood-pool clearance was
similar for both antibodies, with a rate of 86% from 4 to 24
h after injection of 125I-G11 and 83% for 125I-L19 (Table 1;
4 mice for each group). The blood clearance profiles for
both G11 and L19 in these atherosclerotic mice were slower
than the values measured in tumor-bearing mice (10,19).

Plaque-targeting experiments with autoradiographic de-
tection, performed by injection of radioiodinated L19 and
G11 with a molar excess of the cognate recombinant anti-
gen, led to a substantial but incomplete inhibition of plaque
antibody uptake (supplemental Fig. 1; 3 for each group).
The partial inhibition of plaque targeting can be explained
by the fact that the 2 recombinant antigens are rapidly cleared
via the renal route, with blood half-lives shorter than 20 min.

Increased Expression of C Domain of Tenascin-C in
Murine Atherosclerotic Plaques

To determine the expression pattern of the C domain of
tenascin-C and extra domain B of fibronectin in athero-
sclerotic murine aortae, we performed immunofluorescence

FIGURE 3. (A and B) Representative
microautoradiography (top), oil red O/
hematoxylin staining (middle), and CD68
staining (bottom) of longitudinal aortic
sections 4 h (A) or 24 h (B) after injection
of 125I-G11 into ApoE2/2 mice. (C and D)
Corresponding micrographs at 4 h (C) or
24 h (D) after injection of 125I-L19.
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staining using the G11 or L19 antibodies, together with
staining of macrophages and endothelial cells (Fig. 4). Both
G11 and L19 stained similar plaque regions, adjacent to mac-
rophage infiltrations and endothelial cells. L19 generally
yielded a stronger immunofluorescence signal, suggesting
increased antigen expression in murine macrophage-rich
atherosclerotic plaques.

DISCUSSION

In this study, we showed that expression of the C domain
of tenascin-C is increased in macrophage-rich plaques and
that G11, a recombinant human antibody directed against
the C domain of tenascin-C, reveals murine atherosclerotic
plaques ex vivo using radioiodine as a tracer.

In particular, our macroscopic findings demonstrated a
good signal-to-noise ratio and a high specificity for the G11
antibody. Indeed, its signal-to-noise ratio in isolated, ath-
erosclerotic aortae was between 54 and 104:1 and similar to
that of the L19 antibody directed against the extra domain
B of fibronectin (12). These findings in conjunction with the
favorable target-to-blood ratio 24 h after antibody injection

should set the stage for performing in vivo imaging of
murine atherosclerotic plaques using PET. We anticipate
overcoming the limited spatial resolution of PET by com-
bining it with CT.

Our microscopic immunofluorescence analyses of mu-
rine plaques suggested increased antigen expression for the
extra domain B of fibronectin, compared with the C domain
of tenascin-C. In parallel, we needed longer exposure times
for detecting the G11-derived radioactivity. Nonetheless,
the high affinity of both antibodies for their cognate an-
tigen, the fast blood clearance rate of the G11 antibody, and
its low unspecific binding in normal tissue may account for
the good signal-to-noise ratios observed with SIP(G11) in
our autoradiographic studies. The more restricted staining
pattern of G11 is further supported by our experience with
the 2 antibodies in the tumor field: L19 is a pan-tumoral anti-
body, whereas G11 stains only a few cancer types—notably
aggressive astrocytomas and lung cancers (9,18). Further-
more, our immunofluorescence staining showed increased
antigen expression of the C domain of tenascin-C and extra
domain B of fibronectin near macrophage infiltrations.
Complementary to these findings, our immunohistochemi-
cal analyses revealed colocalization of antibody staining
for both G11 and L19 with activated plaque macrophages.
Recently, we have shown that L19 preferentially stains
advanced plaques (Thomas et al., unpublished data, 2006).
Similar investigations are now justified for the G11 anti-
body.

Both L19 and G11 are human antibodies that recognize
their murine and human antigen with high affinity.

In terms of imaging applications, the pharmacokinetic
properties of the SIP antibody format nicely match the half-
life of the PET tracer 124I. For radionuclides with a shorter
half-life, smaller antibody fragments may be preferable (24).
This work may also facilitate the development of targeted
therapeutic compounds—for example, by conjugating the
G11 antibody with suitable antiinflammatory agents.

CONCLUSION

The antibody G11, specific to the C domain of tenascin-C,
reveals murine atherosclerotic plaques ex vivo. In addition,
we found an increased expression of the C domain of

TABLE 1
Biodistribution of 125I-G11 and 125I-L19 at 4 and 24 Hours After Intravenous Injection

Antibody Time (h) Aorta Blood Liver Kidney Heart Spleen Aorta/blood

Blood

clearance

G11 4 5.53 6 2.22 12.32 6 2.94 4.1 6 0.92 6.73 6 2.09 2.13 6 0.58 5.04 6 1.17 0.45

G11 24 2.65 6 0.97 1.73 6 1.16 0.99 6 0.42 0.78 6 0.34 0.35 6 0.20 1.18 6 0.84 1.53 86%
L19 4 11.41 6 4.40 30.04 6 3.17 4.67 6 0.77 15.11 6 0.78 6.10 6 0.37 9.25 6 1.14 0.38

L19 24 15.97 6 2.29 5.10 6 1.44 1.02 6 0.41 3.06 6 1.69 2.13 6 0.69 2.20 6 0.52 3.13 83%

Aorta/blood 5 %ID/g in aorta divided by %ID/g in blood; blood clearance 5 100% (1 – (%ID/g [24 h]/%ID/g [4 h]); n 5 4 for each value.

Data are mean (6SD) %ID/g.

FIGURE 4. Longitudinal sections of atherosclerotic aortic
arches stained for C domain of tenascin-C (G11, red) or extra
domain B of fibronectin (L19, red) and CD68 or CD31 (green);
representative staining of 3 samples is shown. L 5 lumen; bar 5

100 mm.
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tenascin-C in macrophage-rich plaques, a colocalization of
G11 uptake with activated macrophages, and a favorable
radioactivity ratio in aortic plaques to blood at 24 h. There-
fore, this antibody may be useful for molecular imaging of
advanced atherosclerotic plaques in vivo.
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