DOI: 10.1002/cbic.200800529

Gd-DOTA Conjugate of RGD as a Potential Tumor-Targeting MRI Contrast

Agent

Ji-Ae Park, Jae-Jun Lee,” Jae-Chang Jung,™ Dae-Yeul Yu,” Chilhwan Oh, ¢ Seunghan Ha, Tae-Jeong Kim,*™

and Yongmin Chang*® 9

Targeted delivery of contrast agents (CAs) with specific tumor
recognition sites and simultaneous monitoring of the growth
and metastasis of tumors in the body is an important goal in
diagnostic molecular imaging. RGD (Arg-Gly-Asp) peptide is
well known to have a relatively high and specific affinity for
a,Ps-integrin, which is over-expressed in nascent endothelial
cells during angiogenesis (formation of new blood vessels) in
various tumor types and not in inactive endothelial cells. The
expression of an endothelial a,fB;-integrin has been shown to
correlate with tumor grade and thus plays a significant role in
diagnosis of tumors.™

Some progress in tumor-targeted imaging by positron emis-
sion tomography (PET) or near-infrared fluorescence (NIRF)
has recently been made with the aid of RGD complexes la-
beled with radioactive isotopes or fluorescent tags.”! Despite
the usefulness of PET and NIRF, their applications are rather
limited because of inherent problems such as light scattering,
the invasive nature of data collection, photo-bleaching, and
poor resolution. Molecular magnetic resonance imaging (MRI),
however, can not only overcome these restrictions, but, with
the assistance of a CA that catalytically shortens the relaxation
time of the protons of nearby water molecules, can also pro-
vide excellent anatomy images.”
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Thermodynamically stable, water-soluble, and highly para-
magnetic Gd" complexes, each bearing a multidentate ligand
and at least one coordinated water molecule, have demon-
strated high relaxivity and have therefore served as versatile
MRI CAs.”) Among the early MRI CAs approved for clinical use
are Dotarem® and Omniscan®. These Gd" complexes incorpo-
rate the macrocycle 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA) as ligand and exhibit high thermody-
namic stability.”” The fact that DOTA can employ at least one
carboxylate to form a conjugate with a peptide such as RGD
provides additional advantages for the preparation of target-
specific MRI CAs. In this regard, Gd(DOTA) conjugated with
RGD should be an attractive candidate as a paramagnetic MRI
CA for tumor-targeting.

We now therefore wish to introduce the Gd(DOTA) conju-
gate of RGD, designed to monitor the activation of a,f3;-integ-
rin in tumor tissue. The synthesis initially involved conjugation

OH

NH,

Gd-DOTA-RGD

of DOTA and the cyclic pentapeptide c(RGDYK) as described by
others.”” The DOTA-RGD conjugate thus prepared was purified
and isolated by preparative HPLC. The Gd-DOTA-RGD complex
was prepared by treatment of the DOTA-RGD with GdCl;-6 H,O
in water. The final product was isolated as a white solid after
purification by preparative HPLC. MALDI-TOF-MS shows a peak
corresponding to [M+H—H,0]" (m/z 1161.50; calculated M,
for Cy3Hs,GAN,30,6=1178.39).

The proton relaxivities—R, and R,—of Gd-DOTA-RGD are
74+020mm'sT" and 4.04+024 mm's™!, respectively at
298 K and 64 MHz. Gd-DOTA-RGD exhibits higher longitudinal
relaxivity than small-molecule MRI CAs (for the data see the
Supporting Information), which may be explained in terms of
slower molecular tumbling (z,) as a result of the increase in
molecular weight achieved through conjugation with RGD. In
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general, it is well documented in the literature that efficient
enhancement in water proton relaxivities can be achieved in
macromolecular MRI CAs such as dendrimer-based CAs, bio-
compatible polymer tagged CAs, etc.””

The in vivo tumor targeting ability of Gd-DOTA-RGD for
a,PBs-integrin was examined with the hepatocellular carcinoma
in H-ras12V transgenic mice.” For MR imaging in the targeting
experiments of tumor-bearing mice (N=3), the animal model
under anesthesia was injected with Gd-DOTA-RGD at a dosage
of 1.43 mmolkg™ into the tail vein, and T,-weighted images
were acquired over 270 min. Comparison of the pre- and post-
injection MR images in Figures 1A and B, respectively, shows a

1600
1400
1200
1000
800

| {600

{ {400

{1200
0

Figure 1. A), C) pre- and B), D) postinjection MR images of mice with hepato-
cellular carcinoma obtained from the targeting (A, B) and blocking (C, D) ex-
periments. The color indicates the signal intensity according to the pseudo-

color scale on the right.

significant enhancement of the MR signals in the tumor and
kidney after injection. To establish the specificity of our tumor-
targeting Gd-DOTA-RGD, we performed receptor-blocking ex-
periments (N=3). The mice were initially injected with c-
(RGDYK) (1.43 mmolkg™") to block the a.B, receptor and sub-
sequently, after 30 min, with Gd-DOTA-RGD (1.43 mmolkg™),
and images were taken under the same experimental condi-
tions as described above. The differences in the signal intensi-
ties as presented in Figures 1B-D and 2, along with the post-
mortem ICP analysis of the tumor (Supporting Information),
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Figure 2. Contrast-to-noise ratio (CNR) as a function of time measured from
the targeting (m) and blocking (o) experiments.
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clearly demonstrate that Gd-DOTA-RGD is capable of targeting
the a,3; receptor in the tumor cells specifically.

The target-specific nature of Gd-DOTA-RGD may be further
confirmed by comparing the normalized signal intensity of
Gd-DOTA-RGD as a function of time with that of Omniscan.
Figure 3 demonstrates that the normalized signal for Gd-
DOTA-RGD remains almost steady throughout 270 min, while
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Figure 3. Normalized signal intensities of the tumor as a function of time
measured from the in vivo imaging experiments with Gd-DOTA-RGD (e) and
Omniscan (0) as the MRI CAs.

that for Omniscan starts decreasing from about 100 min. It
may be of interest to mention here that the concentration of
the o,f3; receptor in the cells is noticeably low. The integrin
receptor is a heterodimeric molecule, comprised of o, and
5 subunits, and the concentrations of the a, and f3; subunits
are 3x10°-1.4x10* per cell and 53x10-1.1x10* per cell,
respectively."” Thus, in order to induce an observable contrast
in the MR image a relatively large concentration of Gd has to
be loaded per receptor, and the concentration of Gd used by
us seems to be sufficient to achieve that purpose.

The contrast enhancement at the kidney indicates that elimi-
nation of Gd-DOTA-RGD takes place mainly through glomerular
filtration, as confirmed by Figure 1B and D. Figure 2 illustrates
the CNR of the tumor as a function of time. The CNR increases
during the initial 70 min after injection of Gd-DOTA-RGD in the
targeting experiment. The blocking experiments also exhibit a
similar pattern in the CNR, but approximately 45% lower than
that obtained from the targeted experiments. The histological
analysis shows that the tumors of all the mice exhibit almost
the same vascular density (Supporting Information). All in all,
our Gd-DOTA-RGD complex proves to be an efficient tumor-
targeting MRI CA for the a,f3; receptor.

The cytotoxicity assay was performed with Gd-DOTA-RGD as
well as with Omniscan on 14-day chick cornea stroma primary
cells.">" Figure 4 shows no obvious decrease in cell viability
when the cells are exposed for 24 h to various concentrations
of Gd-DOTA-RGD ([M]=0.2-500 pum). These observations indi-
cate that Gd-DOTA-RGD has very low cytotoxicity and can
hence be studied further for clinical usage.
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Figure 4. Viabilities of the cells exposed to Gd-DOTA-RGD (dark gray) and
Omniscan (gray) at various concentrations.

In summary, this work describes the synthesis and the suc-
cessful application of Gd-DOTA-RGD as a potential tumor-tar-
geting, nontoxic MRI CA for the a,[3; receptor. This complex
exhibits not only higher R, relaxivity but moderately good spe-
cificity for the a,f3; receptor in hepatocellular carcinoma in H-
ras12V transgenic mice.
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