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Introduction: Radiolabeled antibodies directed against endoglin (CD105) are promising tools for imaging and
antiangiogenic cancer therapy. To validate iodinated antibodies as reliable tracers, we investigated the influence
of the radiolabeling method (direct or indirect) on their in vivo stability.
Methods: Anti-CD105 mAbs were radioiodinated directly using chloramine-T (125I-anti-CD105-mAbs) or indi-
rectly using D-KRYRR peptide as a linker (125I-KRYRR-anti-CD105-mAbs). The biodistribution was studied in
B16 tumor-bearing mice via SPECT/CT imaging.
Results: RadioiodinatedmAbswere stable in vitro. In vivo, thyroid showed the most important increase of uptake
after 24 h for 125I-anti-CD105-mAbs (91.9 ± 4.0%ID/ml) versus 125I-KRYRR-anti-CD105-mAbs (4.4 ± 0.6%ID/
ml). Tumor uptake of 125I-anti-CD105-mAbs (0.9 ± 0.3%ID/ml) was significantly lower than that of 125I-
KRYRR-anti-CD105-mAbs (4.7 ± 0.2%ID/ml).
Conclusions: An accurate characterization of the in vivo stability of radioiodinated mAbs and the choice of an ap-
propriatemethod for the radioiodination are required, especially for novel targets. The indirect radioiodination of

internalizing anti-CD105 mAbs leads to more stable tracer by decreasing in vivo deiodination and improves the
tumor retention of radioiodinated mAbs.
Advances in knowledge and implications for patient care: To date, the only antiangiogenic antibody approved for
clinical indications is bevacizumab. There is a need to developmore antibodies that have targets highly expressed
on tumor endothelium. CD105 represents a promising marker of angiogenesis, but its therapeutic relevance in
cancer needs to be further investigated. In this context, this study suggests the potential use of indirectly iodin-
ated anti-CD105 mAbs for tumor imaging and for therapeutic purposes.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Endoglin (CD105) is an auxiliary receptor for transforming growth
factor-β (TGF-β) [1]. CD105 is expressed on vascular endothelial cells
and overexpressed in proliferating endothelial cells of tissues undergo-
ing angiogenesis, such as regenerated and inflamed tissues or tumors
[2–4]. CD105 is highly expressed in tumor-associated endothelium in
many solid cancers, including breast, prostate and cervical cancer
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z).
[2,5–7]. CD105 may also be abundantly expressed in some cancer
cells, such as melanoma [8,9] and choriocarcinoma cells [10]. Several
studies have indicated that CD105 represents a more specific and sensi-
tive marker for tumor angiogenesis and tumor progression than the
commonly used pan-endothelial markers, such as CD34 and CD31
[11,12]. Indeed, the vascular density, determined by using anti-CD105
antibodies, was correlated with the prognosis of breast cancer patients
[13], with the risk of developing metastatic disease in colorectal cancer
[14], andwith the recurrence ofmalignancy of head and neck squamous
cell carcinoma [15]. Clinical trials are currently in progress and their re-
sults may validate CD105 as a novel target for cancer treatment [16].

Non-invasive molecular imaging of malignancies using radiolabeled
anti-CD105 mAbs as specific tracers is an attractive strategy that can
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improve cancer detection, tumor characterization, and therapy efficien-
cy [17]. For a long time, the radionuclides of iodine have been widely
used to radiolabel mAbs, peptides and other biomolecules because
they are readily available, at reasonable costs, with simple radiolabeling
procedures. These radioiodinated tracers were largely used to study
tumor targeting for cancer imaging (123I, 124I, 125I), for cancer therapy
(131I), and for an approach in which imaging is performed as a scouting
procedure before radioimmunotherapy to confirm tumor targeting and
to assess tissue dosimetry [18].

Many different strategies are available for radioiodination of pro-
teins. Generally, radioiodination procedure consists in direct oxidation
of iodine to label tyrosine residues of proteins. Inmost cases, the biolog-
ical distribution studies do not assess the effect of in vivo deiodination
on tumor targeting [3,19–23]. Moreover, specifically for anti-endoglin
antibodies, some studies have continued to describe the biological dis-
tribution and the tumor targeting by using directly radioiodinated
anti-CD105 mAbs, without assessing the extent of in vivo deiodination
and its influence on the radioactivity uptake in tissues [3,19]. However,
the role of metabolism after the antibody internalization in tumor cells
and the subsequent fate of the attached radionuclide are issues that
need to be considered because these processes affect the tumor accu-
mulation [24,25]. Indeed, the antibody dehalogenation was observed
using mAbs obtained by direct radioiodination method [20,26–29]. To
overcome this problem, strategies that use indirect radiohalogenation
reactionshave been developed to improve the in vivo stability and to de-
crease the nonspecific tissue uptake, while retaining the tumor uptake
and preserving a satisfactory tumor contrast [24,30–35].

In the present study, anti-CD105 mAbs were radiolabeled using two
methods, either direct radioiodination with chloramine-T as oxidizing
agent, or indirect radioiodination with a bifunctional reagent as a linker
between the iodine and the antibody. The chosen linker was a peptide
prosthetic group, assembled with five D-amino acids, including D-
tyrosine (D-Lys-Arg-Tyr-Arg-Arg, D-KRYRR). D-KRYRR is positively
charged at lysosomal pH and should be trapped in lysosomes after the an-
tibody internalization into cells [26]. In vitro stability of 125I-labeled anti-
CD105 mAbs was investigated as well as in vivo the distribution of
radioiodinated mAbs through SPECT/CT imaging. We compared the
biodistribution profile of directly and indirectly radiohalogenated
mAbs in order to explore the impact of the radioiodination method on
the tumor uptake of the tracer, the nonspecific tissue accumulation,
and the imaging properties. Finally, the tumor targeting was studied
in a tumor model (melanoma), which is known to express CD105.

2. Materials and methods

2.1. Purification of anti-CD105 mAbs

Rat mAbs directed against mouse CD105 were produced from a hy-
bridoma (clone MJ7/18), which was provided by the Developmental
Studies Hybridoma Bank (Iowa University, Iowa City, IA, USA). First,
the antibodywas purified by protein G-affinity chromatography and di-
alysis against phosphate buffered saline (PBS, 0.14 M NaCl, 0.006 M
Na2HPO4, 0.003 M KCl, 0.001 M KH2PO4, pH 7.2), followed by a size-
exclusion chromatography on a Superdex 200 column (GE Healthcare
Life Sciences, Belgium) using a 0.02M Tris–HCl buffer (pH 7.5) contain-
ing 0.15 M NaCl. Then, the purified antibody was concentrated using a
membrane filter devicewith amolecular weight cut-off of 10 kDa (Cen-
trifugal filter units, Merck Millipore, Belgium).

2.2. Direct radioiodination of anti-CD105 mAbs with chloramine-T method

Anti-CD105 mAbs were directly radiolabeled with sodium iodide
(Na[125I], 3700 MBq/ml, PerkinElmer Inc., Belgium) using chloramine-
T. In brief, a mixture of purified anti-CD105 mAbs (200 μg, 500 μl),
Na[125I] (18.5 MBq) and chloramine-T (500 μl, 10 mg/ml) was mixed
and reacted for 1 min at room temperature with stirring after 30 s.
The reaction was stopped by adding sodium metabisultite (500 μl,
20 mg/ml) as a reducing agent, after which cold sodium iodide
(500 μl, 5 mg/ml) was added. The radiolabeled mAbs (125I-anti-CD105
mAbs) were separated from free iodide by passing through a Sephadex
G-25 column (GE Healthcare Life Sciences, Belgium), preconditioned
with PBS (0.01 M, pH 7.4). All solutions were previously filtrated
through a Millipore Millex-GV 0.22 μm filter.

2.3. Indirect radioiodination of D-KRYRR peptide and its conjugation to
anti-CD105 mAbs

Anti-CD105 mAbs were indirectly radiolabeled with a peptide pros-
thetic group (D-KRYRR, JPT Peptide Technologies GmbH, Germany),
which was previously radioiodinated. In brief, Na[125I] (37 MBq) was
added to D-KRYRR (100 μl, 1 mg/ml PBS 0.01 M pH 7.5). Then,
chloramine-T (500 μl, 10 mg/ml) was added to the mixture and reacted
for 1 min at room temperature with stirring after 30 s. The reaction was
stopped by adding sodiummetabisultite (500 μl, 20mg/ml). The final so-
lution was eluted through a trifunctional reversed-phase cartridge (tC18,
145 mg adsorbent, Waters, Belgium), which was previously rinsed with
1ml of acetonitrile, 1ml ofwater and 500 μl ofwater containing 0.5% ace-
tonitrile. The radioiodinated peptide was eluted in 400 μl of acetic acid
1M+3%potassium chloride in 50%methanol. The solventwas evaporat-
ed under a stream of helium prior to reaction with the antibody. The
radioiodinated peptide was activated by addition of sulfosuccinimidyl-
4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC, 50 μl,
10 mg/ml PBS 0.01 M pH 7.5, Thermo Scientific Pierce, Belgium) and bo-
rate buffer (0.1 M, 175 μl, pH 8.5), and reacting for 30 min at room tem-
perature. On the other hand, the anti-CD105 mAb (169 μl, 1.8 mg/ml
TRIS 0.02 M pH 7.5) was also activated by adding 2-iminothiolane (6 μl,
3 mg/ml PBS 0.01 M pH 7.5, Sigma-Aldrich, Belgium), and incubated for
30 min at room temperature. The thiolated anti-CD105 mAbs were puri-
fied using a Sephadex G-25 column. Then, the purified anti-CD105 mAbs
were added directly to the vial containing the maleimido-activated
radioiodinated KRYRR, and the coupling reaction was performed at
room temperature for 45 min, at which point the reaction was quenched
by the addition of an excess of iodoacetamide (10 μl, 100mg/ml PBS 0.01
M pH 7.5, Sigma-Aldrich, Belgium). After 20 min, the mixture was puri-
fied over a PD-10 column (GE Healthcare Life Sciences, Belgium) eluted
with PBS (0.01 M, pH 7.5) [26].

2.4. Quality controls

Radiochemical yield and purity were performed by using thin layer
chromatography (TLC) on ITLC silica gel plates with a mixture of
MeOH-H2O (70:30, v/v) as a mobile phase. The TLC migration was
followed by radio-TLC detection (Bioscan system 200 imaging scanner).
The coupling reaction yield and the purity of indirect radiolabeledmAbs
were investigated by TLC on silica gel 60 RP-18 plates with a mixture of
acetic acid 1 M + 3% potassium chloride in 50% methanol as a mobile
phase. The integrity of the antibody after radiolabeling was checked
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (8%
SDS-PAGE gel, under nonreducing conditions). Finally, the detection
and the quantification of radioactive bands were performed with a
radio-TLC analyzer and a Phosphor Imager (Fujifilm FLA-5100).

2.5. Antibody affinity determination

Saturation binding studies were performed with each of the
radioiodinated antibodies (125I-anti-CD105-mAbs and 125I-KRYRR-anti-
CD105-mAbs) using B16 cells at a concentration of 2 ×104 cells/ml. Brief-
ly, test solutions were prepared (in duplicate), containing increasing
amounts of the radiolabeled antibodies in a total volume of 200 μl of
PBS (1% BSA). The solutions were incubated at 4 °C for 2 h, centrifuged
for 5 min (5000 rpm), and washed three times with ice-cold PBS (1%
BSA). For each concentration of radiolabeled antibodies, nonspecific
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binding was determined in the presence of 100-fold excess of unlabeled
anti-CD105 antibodies. The data were analyzed with a nonlinear least
squares regression method (Graph Pad™ Software Inc., version 5.02) to
determine the antibody affinity values (Kd).

2.6. Immunoreactivity determination

The immunoreactive fractions of freshly prepared directly and indi-
rectly radioiodinated antibodies were assessed by the method of
Lindmoet al. [36]. Briefly,mousemelanoma cells (B16)were suspended
in microfuge tubes at increasing concentrations ranging from 1 to 5
× 104 cells in 100 μl PBS (1% BSA). Approximately 21 kBq/0.4 μg and
14 kBq/0.9 μg of respectively 125I-anti-CD105-mAbs and 125I-KRYRR-
anti-CD105-mAbs in 100 μl were added to each tube (in duplicate)
and stored at 4 °Cwith stirring every 15min. Cells were pelleted by cen-
trifugation for 5 min (5000 rpm), washed three times with ice-cold PBS
(1% BSA), and subsequently counted for 125I activity. The specific bind-
ing was calculated as the ratio of total amount of administered activity
to the bound radioactivity and was background corrected. Nonspecific
binding of radiolabeled antibodies was less than 5% according to satura-
tion binding studies, and was therefore not used to correct immunore-
activity values [37].

2.7. In vitro stability of 125I-labeled anti-CD105 mAbs in storage solution
and in plasma

Chemical stability of purified directly iodinated mAbs (125I-anti-
CD105-mAbs) and indirectly iodinated mAbs (125I-KRYRR-anti-
CD105-mAbs), stored in a solution of PBS 0.01 M, pH 7.5 was checked
for up to onemonth at 4 °C. Samples were drawn at regular time points
and the proportion of free 125I was analyzed by radio-TLC. In vitro stabil-
ity of purified 125I-anti-CD105-mAbs and 125I-KRYRR-anti-CD105-mAbs
was also studied in fresh mouse plasma, by incubating the solution of
radiolabeled mAbs (1:10 v/v dilution at a final concentration of
1.6–2.4 MBq/ml; sodium azide added at 0.02%) at 37 °C with stirring.
At different time points (5 min, 15 min, 1 h, 3 h, 6 h, 24 h and 48 h), al-
iquots of plasma (5 μl) were analyzed using radio-TLC.

2.8. Animal and tumor models

Mouse melanoma cell line (B16F10-luc) was maintained in alpha
minimum essential medium (MEM-alpha with glutamine, Gibco-
Invitrogen, Belgium) supplemented with 10% heat-inactivated fetal bo-
vine serum (FBS, Gibco-Invitrogen, Belgium), 1% streptomycin–
penicillin (Gibco-Invitrogen, Belgium) and 1% MEM non-essential
amino acids (Gibco-Invitrogen, Belgium). C57BL/6 J male mice were in-
oculated subcutaneously in the flanks with 1 × 106 B16F10-luc tumor
cells. The mice were used for in vivo experiments when the diameter
of tumors reached approximately 7–8.5mm. The biodistribution studies
were carried out in compliance with the relevant national laws relating
to the conduct of animal experimentation.

2.9. Biodistribution studies using animal-SPECT/CT imaging

SPECT/CT imaging was performed using a preclinical four-headed
gamma-camera with integrated CT system (NanoSpect/CT, Bioscan
Inc., Washington, D.C., USA) and dedicated multi-pinhole apertures,
each with nine pinholes with a diameter of 1.4 mm. These apertures
provide a reconstructed resolution of about 1.0 mm in a mouse-sized
animal with an average sensitivity of 1800 cps/MBq across the field of
view (with 99mTc). The data were acquired in a step-and-shoot helical
mode to include the whole mouse within the field of view. A group of
three C57BL/6 J male mice (23–24 g, 5–6 weeks old; Janvier, France)
bearing melanoma xenografts was injected intravenously in the lateral
tail vein with a freshly prepared solution of 125I-anti-CD105-mAbs
(3–3.7 MBq) or 125I-KRYRR-anti-CD105-mAbs (0.6–2.3 MBq).
Additionally, to assess the in vivo specificity of 125I-KRYRR-anti-
CD105-mAbs, a group of three B16 melanoma-bearing mice (blocking
group, one or two tumors permouse)was injectedwith an excess of un-
labeled anti-CD105mAbs (2 mgmAbs per mouse) 2 h before the injec-
tion of the tracer (1.6–1.7 MBq, total of 128 μg mAbs per mouse) as
previously described [38]. The blocking group was compared with the
group of mice receiving only 125I-KRYRR-anti-CD105-mAbs without a
saturating dose. The whole-body SPECT/CT imaging was performed
under general anesthesia by inhalation of 1.5% isoflurane (Abbott Labo-
ratories, Belgium)mixedwith 21% oxygen gas (2 l/min). Themicewere
maintained in a prone position on a heated animal bed at 37 °C
(Minerve, France). The static SPECT/CT acquisitions were carried out at
different time points after injection (1, 3, 6 and 24 h) for mice receiving
125I-anti-CD105-mAbs and (1, 3, 6, 24 and (48 h)) for mice receiving
125I-KRYRR-anti-CD105-mAbs. First, the SPECT images were acquired
with a 20% energy window peaked at 28.4 keV, with an acquisition
time varying between 20 and 270 s per projection, and with 20 projec-
tions. This acquisition time was adapted to compensate for radioiodine
clearance in order to ensure significant statistics (N10,000 total counts
per projection), and resulted in a total imaging time ranging between
20 and 240 min. The projection data were reconstructed with HiSPECT
NG software (Scivis GmbH, Göttingen, Germany) using an iterative re-
construction algorithm with a voxel size of 0.45 mm3. After SPECT ac-
quisition, the animal remained anesthetized and a CT image was
acquired using a standard resolution with a 45 kVp voltage and
500 ms exposure time. The CT projections were reconstructed with a
voxel size of 0.15 × 0.15 × 0.15 mm3 [39].

2.10. SPECT/CT data analyses

After SPECT data reconstruction, the images were analyzed using
PMOD software (PMOD™, version 3.4, PMOD Technologies Ltd., Zurich,
Switzerland). The regions of interest (ROIs) were delineated on the
SPECT/CT fused images. Before the fusion of SPECT and CT images, the
SPECT images were normalized. A calibration factor was empirically de-
termined and used to convert the ROI value (total counts) to activity
(kBq). A correction was also applied for the acquisition duration and
the physical decay during acquisition. The image scalewas corrected ac-
cording to the SPECT calibration factor, the physical decay at the time of
injection and the injected dose. This normalization was used to build
parametric images of tissue uptake in terms of percentage of the
injected dose per milliliter (%ID/ml). 2D ROIs were drawn on consecu-
tive transversal slices that defined a 3D volume of interest around the
tissue of interest. The tracer uptakewas assessed in the thyroid, tumors,
blood and total body. Blood activity over time was quantified by draw-
ing anROIwithin the ventricular cavity of heart, based on anatomical CT
images fused with SPECT images. A background region was also drawn
in the pelvic region. The same background volume was applied for all
animal analyses and was representative of tissues with low nonspecific
uptake. Tumor uptake was also expressed as a tumor-to-background
ratio (T/B), calculated as the mean activity in the tumor region divided
by the mean activity obtained in the background region. The tumor up-
take of 125I-anti-CD105-mAbswas compared with that obtained for the
group of mice receiving 125I-KRYRR-anti-CD105-mAbs, in terms of %ID/
ml and T/B ratios. The same comparison was done for the thyroid up-
take. Moreover, the clearance of radioactivity over time was compared
between the two groups in terms of percentage of the injected dose
(%ID), based on the total body quantification. Finally, the tumor uptake
of 125I-KRYRR-anti-CD105-mAbs was compared with that obtained for
the blocking group, in terms of %ID/ml.

2.11. Statistical analysis

Results are given as means ± SEM values from n animals. The data
calculations were performed with Prism software (Graph Pad™ Soft-
ware Inc., version 5.02). The differences in tissue uptake between two
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groupswere considered significant if the p-values from unpaired t-tests
(two-tailed) were ≤0.05 (*), ≤ 0.01 (**) or ≤0.001 (***). The differences
in tissue uptake at different times were assessed by the one-way analy-
sis of variance and the Tukey post-hoc test.

3. Results

3.1. Anti-CD105 antibody radioiodination and quality controls

For the direct iodination, the radiolabeling of anti-CD105mAbswith
125I was achieved with a mean radiochemical yield of 90% (n= 5). The
radiochemical purity as determined by radio-TLC was higher than 99%
(n = 5). The specific activity was 82 ± 1 MBq/mg of mAbs (n = 4).
The 125I-to-mAb ratio was about 0.2, which means that approximately
one out of five mAb unit carries one 125I atom.

For the indirect iodination, the peptide (D-KRYRR) was radiolabeled
with 125I prior to reaction with sulfo-SMCC to maximize peptide con-
centration during the labeling reaction, and thereby to optimize the ra-
diochemical yield (mean of 96%, n = 4) [26]. The radiochemical purity
of 125I-KRYRR after purification with a tC18 cartridge was higher than
95% (n = 4). The coupling of maleimido-derivatized radiolabeled pep-
tide to the thiolated anti-CD105 mAbs was carried out with a mean ra-
diochemical yield of 25% and a specific activity of 25 ± 1 MBq/mg.
Before intravenous injection to mice, 125I-KRYRR-anti-CD105-mAbs
were concentrated using a membrane filter device, resulting in a purity
of 100%.

The gel electrophoresis analysis of purified anti-CD105 mAbs after
direct and indirect iodination, under non-reducing conditions, followed
by radio-TLC and Phosphor Imager autoradiography revealed that at
least 85% of the radioactivity was due to the whole antibody molecule
(Fig. 1), and the residual activity was due to protein entities having im-
munoglobulin origin, as identified by mass spectrometry analyses
(electrospray ionization time of flight mass spectrometry) and the
NCBInr protein database (data not shown).

The affinity (Kd) of directly and indirectly radioiodinated anti-
CD105mAbs was respectively 0.15± 0.05 and 2.37± 1.38 μM, as dem-
onstrated by saturation binding curves. The immunoreactivity fractions
of 125I-anti-CD105-mAbs and 125I-KRYRR-anti-CD105-mAbs were in
the same range and were respectively 84% and 75% (Fig. 2).
Fig. 1. Chromatographic profile of purified anti-CD105mAbs using size-exclusion chromatograp
CD105mAbs using SDS-PAGE 8% under non-reducing conditions [b] followed by radioactivity s
antibody [Ab], antibody fragment [Abf], antibody heavy chain [HC] and antibody light chain [L
mAbs were similar (data not shown).
3.2. In vitro stability of radioiodinated anti-CD105mAbs in storage solution
and in plasma

In vitro stability of 125I-anti-CD105-mAbs and 125I-KRYRR-anti-
CD105-mAbs in storage solution at 4 °C showed a slight deiodination
of the antibody, with less than 5% of free iodine up to one month after
labeling reaction.

In the plasma, the dissociation was lower than 30% (n= 2–3) up to
48 h after incubation, both for 125I-anti-CD105-mAbs and 125I-KRYRR-
anti-CD105-mAbs.

3.3. Comparative biodistribution studies using animal-SPECT/CT imaging

The biodistribution of iodinated anti-CD105 mAbs was imaged in
B16-bearing mice, by using SPECT/CT imaging modality, up to 24 h
after injection for 125I-anti-CD105-mAbs (n = 3), and up to 48 h after
injection for 125I-KRYRR-anti-CD105-mAbs (n = 3). The maximum in-
tensity projection (MIP) images were generated for visual inspection
and qualitative analysis of the global kinetics of distribution (Fig. 3).
For a more quantitative evaluation, the %ID/ml and the %ID were com-
puted for the tumor, the thyroid, the blood and the total body. From
the MIP images of mice receiving 125I-anti-CD105-mAbs, a low tracer
uptake in the tumor could be noted, with a weak tumor contrast. Only
2.9 ± 0.2%ID/ml (T/B = 1.2 ± 0.2) was found in the tumor at 6 h after
injection, and this value decreased to 0.9 ± 0.3%ID/ml (T/B = 0.9 ±
0.1) after 24 h. In contrast, the tumor uptake of 125I-KRYRR-anti-
CD105-mAbs was significantly higher (4.3 ± 0.2%ID/ml, T/B = 4.2 ±
0.3) at 6 h after injection and increased significantly (4.7 ± 0.2%ID/ml,
T/B = 5.7 ± 0.1) after 24 h (Fig. 4). The specificity of tumor uptake
was investigated by administering a saturating dose of unlabeled anti-
CD105 mAbs 2 h before 125I-KRYRR-anti-CD105-mAbs injection. The
CD105 binding of 125I-KRYRR-anti-CD105-mAbs wasmarkedly reduced
in the tumor at all time points (Fig. 5). The tumor uptake value in the
blocking group 24 h after injection (2.6 ± 0.1%ID/ml) was reduced by
a factor of 2 compared to mice receiving the tracer only (4.7 ±
0.2%ID/ml).

For the 125I-anti-CD105-mAbs group, the accumulation of iodine in
the thyroid started early (2.9± 0.1%ID/ml) at 1 h after injection, and in-
creased significantly over time, leading to a very intense hot spot after
hy before antibody radiolabeling [a] and electrophoretic profile of directly iodinated anti-
canning of the gel through radio-TLC detection [c] and Phosphor Imager analysis [d]. Intact
C]. The electrophoretic and Phosphor imaging profiles of indirectly iodinated anti-CD105



Fig. 2. Saturation binding curves of 125I-anti-CD105-mAbs [a] and 125I-KRYRR-anti-CD105-mAbs [b] to B16 cells. Increasing concentrations of radiolabeled antibodies were incubatedwith
B16 cells at 4 °C for 2 h.Nonspecific bindingwasdetermined in the presence of 100-fold excess of unlabeled anti-CD105 antibodies. Bound activitywas isolated by centrifuging the cells and
washing them three times with ice-cold PBS (1% BSA). Lindmo immunoreactivity testing [c] of 125I-anti-CD105-mAbs (●) and 125I-KRYRR-anti-CD105-mAbs (■): a constant amount of
labeled antibodies (21 kBq/0.4 μg and 14 kBq/0.9 μg for respectively 125I-anti-CD105-mAbs and 125I-KRYRR-anti-CD105-mAbs) was added to increasing numbers of B16 cells (104 to 5
× 104 cells/ml) and incubated for 2 h at 4 °C. Total/bound data are then plotted as a function of the reciprocal antigen concentration. The immunoreactive fraction (IRF) was determined
for conditions representing infinite antigen excess by means of linear extrapolation to the ordinate. Points are means with error bars (n = 2) and the lines were determined by linear re-
gression analysis.
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24 h (91.9 ± 4.0%ID/ml) (Fig. 3). In contrast, for the 125I-KRYRR-anti-
CD105-mAbs group, the thyroid uptake was significantly lower
reaching only 4.4 ± 0.6%ID/ml after 24 h (Fig. 6). A stomach uptake
Fig. 3.MIP images from SPECT/CT imaging of twomice bearing B16 tumor, inoculated subcutane
in the left flank for the one receiving 125I-KRYRR-anti-CD105-mAbs (0.6–2.3 MBq) [b]. Mice we
the radioactivity uptake levels: in thyroid [Thy], lungs [Lu], liver [Li], stomach [S], spleen [Sp], b
was also observed for the 125I-anti-CD105-mAbs group at 6 h after injec-
tion, in parallel with the thyroid uptake, but with no accumulation. A
hot spot was observed in the bladder at 3 and 6 h after injection and
ously in the right flank for themouse receiving 125I-anti-CD105-mAbs (3–3.7MBq) [a] and
re imaged at 3, 6, 24 (and 48 h) after injection. Color scale, expressed as %ID/ml, indicated
ladder [B], and in tumors [T].



Fig. 4. Tumor uptake expressed as % ID/ml and tumor-to-background ratios (T/B) for B16-bearing C57BL/6 J mice, injectedwith 125I-anti-CD105-mAbs (3–3.7 MBq per mouse, (●), white
bars) [a], or with 125I-KRYRR-anti-CD105-mAbs (0.6–2.3 MBq per mouse, (■), black bars) [b] at 1, 3, 6, 24 (and 48 h) after intravenous injection. Results are expressed as mean ± SEM
(n= 3). **p b 0.01 and ***p b 0.001; note the axis break.
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was probably related to the urinary excretion of free iodine or products
of antibody catabolism (Fig. 3).

Hot spots were also observed in the lungs, the liver and the spleen,
which are highly vascularized organs. The lungs showed similar kinetics
Fig. 5. SPECT/CT images (transaxial sections) of 125I-KRYRR-anti-CD105-mAbs 24 h after injecti
dose of unlabeled antibodies. White arrows indicate the tumors. [c]: Tumor uptake of 125I-KRYR
anti-CD105-mAbs (1.6–1.7MBq, a total of 128 μgmAbs permouse, (■)) after a blocking dose of
mice at 1, 3, 6 and 24 h after injection. Results are expressed as means ± SEM (n = 3–4). **p b
for the two tracers, with a rapid wash out of the tracers from this non-
target tissue. The liver uptake of 125I-anti-CD105-mAbs was transient
and was observed particularly at early times after injection (1 and
3 h). In contrast, the radioactivity level in the liver and spleen was
on in B16melanoma-bearing mice (one tumor per leg) with [a] or without [b] a saturating
R-anti-CD105-mAbs (0.6–2.3MBq, a total of 250 μgmAbs permouse, (●)) or 125I-KRYRR-
unlabeled anti-CD105mAbs (2mgmAbs permouse) in B16melanoma-bearing C57BL/6 J
0.01 and *** p b 0.001.



Fig. 6. Thyroid uptake expressed as % ID/ml of 125I-anti-CD105-mAbs (3–3.7 MBq per
mouse, (●)) or 125I-KRYRR-anti-CD105-mAbs (0.6–2.3MBq permouse, (■)) in B16-bear-
ing C57BL/6 J mice at 1, 3, 6, 24 (and 48 h) after intravenous injection. Results are
expressed as mean ± SEM (n = 3). **p b 0.01 and ***p b 0.001.

Fig. 8. Blood activity expressed as % ID/ml of 125I-anti-CD105-mAbs (3–3.7 MBq per
mouse, (●)) or 125I-KRYRR-anti-CD105-mAbs (0.6–2.3MBq permouse, (■)) in B16-bear-
ing C57BL/6 J mice at 1, 3, 6, 24 (and 48 h) after intravenous injection. Results are
expressed as mean ± SEM (n = 3). **p b 0.01; note the axis break.
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much higher for 125I-KRYRR-anti-CD105-mAbs, and was persistent at
late time points (6, 24 and 48 h). The nonspecific tissue uptake by the
same organs was also observed in ex-vivo studies in C57BL/6 J mice
bearing B16 xenografts sacrificed at different time points after injection.
In those tissues (thyroid, lungs, spleen, liver and stomach), a compara-
ble biodistribution profile of 125I-labeled anti-CD105 mAbs was ob-
served (data not shown).

Finally, the residual radioactivity in the total body after 24 h was
quite low for 125I-anti-CD105-mAbs, suggesting an almost total clear-
ance of the radioactivity. On the contrary, the total clearance of 125I-
KRYRR-anti-CD105-mAbs was significantly lower (20.8 ± 2.5%ID)
than that of 125I-anti-CD105-mAbs (83.8 ± 3.5%ID) after 24 h (Fig. 7).
The tracer concentration in the blood decreased significantly over
time for both 125I-KRYRR-anti-CD105-mAbs (12.1 ± 2.6%ID/ml at 1 h
to 4.3 ± 0.7%ID/ml at 24 h) and 125I-anti-CD105-mAbs (364.7 ±
20.0%ID/ml at 1 h to 53.0 ± 17.0%ID/ml at 24 h) (Fig. 8). The blood ac-
tivity was significantly higher for 125I-anti-CD105-mAbs at early times
after injection (1, 3 and 6 h).

4. Discussion

To date, the only antiangiogenic antibody approved for clinical indi-
cations is bevacizumab [40,41]. There is a need to develop more anti-
bodies against targets highly expressed on tumor endothelium. In this
Fig. 7. Total body clearance expressed as %ID of 125I-anti-CD105-mAbs (3–3.7 MBq per
mouse, (●)) or 125I-KRYRR-anti-CD105-mAbs (0.6–2.3MBq permouse, (■)) in B16-bear-
ing C57BL/6 J mice at 1, 3, 6, 24 (and 48 h) after intravenous injection. Results are
expressed as mean ± SEM (n = 3). ***p b 0.001; note the axis break.
context, CD105may be an attractive target for radioimmunotherapy, as
previous studies explored the imaging and therapeutic potential of anti-
CD105 mAbs through conventional radioiodination methods [3,19].
However, these studies did not investigate the in vivo stability of iodin-
atedmAbs. Our study compared the biodistribution of directly and indi-
rectly iodinated anti-CD105 mAbs. Overall, our results highlight even
more clearly that the radioiodination procedure had a major impact
on the pharmacokinetics of labeled anti-CD105 mAbs, with important
consequences in terms of tumor uptake.

The direct iodination of anti-CD105 mAbs led to a rapid in vivo
dehalogenation, as reflected by high radioiodine levels in the thyroid
and stomach [42,43]. Since we observed a good in vitro chemical stabil-
ity of radioiodinatedmAbs, the results suggest that in vivo catabolism is
responsible for the important antibody dehalogenation [44]. The iodine
uptake in these organs is mediated by the sodium iodide (Na+/I−)
symporter (NIS), an integral membrane protein which is expressed in
thyroid epithelial cells and in stomach tissue [45]. The radioactivity ac-
cumulation in the thyroid can be considered as the result of in vivo
deiodination (Fig. 6). As the stomach is not known to utilize the iodine
in any biological process, the iodine freely exits through diffusion and
does not result in prolonged exposure as in the thyroid [46]. The re-
leased iodine was rapidly cleared from the body, and may explain the
low tumor uptake and contrast (Fig. 7). In contrast, the injection of indi-
rectly iodinated anti-CD105 mAbs to mice led to a significantly de-
creased dehalogenation process since the thyroid uptake was 20
orders of magnitude lower, 24 h after injection (Fig. 6).

The slower body clearance of 125I-KRYRR-anti-CD105-mAbs com-
pared to that of 125I-anti-CD105-mAbs led to a higher tissue accumula-
tion of the tracer, especially in tumors, and an improved tumor contrast
over time due to a highly specific uptake (Fig. 7). This pharmacokinetic
profile will most probably cause an increased radiation dose. The higher
blood activity of 125I-anti-CD105-mAbs at early times after injection is
due to the rapid and higher in vivodeiodination (Fig. 8). The blood activ-
ity decreased over time for the two tracers in accordance with the pat-
tern of the whole body clearance. Finally, the slow pharmacokinetics
of 125I-KRYRR-anti-CD105-mAbs are in accordance with what is
known for whole antibodies. Indeed, it is well known that antibody-
based radiotracers require extended in vivo circulation times for optimal
tumor targeting, typically 2–4 days.

The rationale for using D-KRYRR was based on previous studies,
which showed the retention improvement of radioiodine in tumor
cells [26]. This peptide contains three arginine residues (R) adding pos-
itive charges. The arginine side chain is indeed the most basic (pKa =
13.2) of the naturally occurring amino acids. Because some mAbs,
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such as anti-CD105 mAbs, are internalized and directed to the lyso-
somes after binding to cell surface receptors, there is a risk of subse-
quent degradation of mAbs inside the tumor cells and the release of
free iodine [19,47]. Similarly to the positively charged molecules that
are often used as lysosomal markers [48], the positively charged catab-
olites generated during mAb proteolysis are highly retained by lyso-
somes, resulting in prolonged enhancement of tumor cell retention
[26]. Moreover, the peptide bound in D-KRYRR would be relatively re-
sistant to the action of proteases in the lysosomes. Indeed, the endoge-
nous lysosomal proteases readily degrade endocytosed proteins
composed of L-amino acids but not proteins composed of D-amino
acids, which are trapped in lysosomes [49,50]. For all these reasons, a
much more favorable kinetic pattern was achieved with 125I-KRYRR-
anti-CD105-mAbs, so that the percentage of activity retained in tumors
was nearly 5.5 times higher after 24 h compared to 125I-anti-CD105-
mAbs. These results are better than that of obtained with 125I-KRYRR-
anti-EGFRmAbs inU87MGΔEGFR xenografts, since the tumor retention
was increased by a factor of approximately 3 at 24 h compared with di-
rectly iodinated anti-EGFR mAbs [26]. Finally, there was also an im-
provement of the tumor contrast over time, which is much more
favorable for imaging purposes.

The maintained specificity of indirectly iodinated anti-CD105 mAbs
was confirmed by in vitro and in vivo saturation experiments, suggesting
the selective accumulation of 125I-KRYRR-anti-CD105-mAbs in the tu-
mors and the preservation of the CD105 recognition property by the an-
tibody after radiolabeling. In fact, the administration of unlabeled mAbs
in excess before the tracer injection induced the saturation of the CD105
binding sites and significantly decreased the CD105 binding of the trac-
er in tumors (Fig. 5). These results confirmed the antigen-specific bind-
ing and the preservation of antibody immunoreactivity.

As expected, a reticuloendothelial system uptake was observed ac-
cording to the known catabolism of mAbs, liver and spleen being the
preferential sites for the nonspecific uptake [51,52]. The liver uptake
of 125I-anti-CD105-mAbs was transient, reflecting in vivo deiodination
and the release of iodine outside the cells after catabolism. In contrast,
the liver and spleen uptakes of 125I-KRYRR-anti-CD105-mAbswere per-
sistent, reflecting the cell retention of the tracer. The same profile in
nonspecific tissue uptake was observed with 125I-KRYRR-anti-EGFR
mAbs compared to 125I-anti-EGFR mAbs. For the indirectly iodinated
anti-EGFR mAbs, the liver and spleen levels were significantly higher
than those for directly iodinated anti-EGFR mAbs, whereas thyroid,
blood and stomach levels were significantly lower [26]. Finally, the
lung uptake may be explained by the constitutive expression of CD105
in normal blood vessels, especially in vascularized tissues. In fact, previ-
ous studies have shown that high levels of CD105 expression are seen in
the distal vessels of mouse lung [53].

The radiometalated mAbs constitute another class of residualizing
labels, such as the radionuclide from indium-, yttrium- and zirconium-
labeled mAbs. They are residualized in the lysosomes after lysosomal
processing in the formof lysine adducts of the respectivemetal chelates,
resulting in enhanced retention of the nuclide in the tumor, reduced
residence time in the blood, and consequently tumor-to-non-tumor dis-
crimination [24,54,55]. It has been suggested that the final metallic ca-
tabolites are also residualizing labels for the same reasons as those of
iodinated catabolites. They are trapped and impermeable to membrane
because they cannot be digested by lysosomal hydrolases [24]. In a
previous study, we described the biodistribution profile of 89Zr-anti-
CD105-mAbs before and after gold nanoparticle conjugation by using
non-invasive positron emission tomography (PET) in C57BL/6 J mice
bearing melanoma xenograft [56]. The kinetic profile of unconjugated
89Zr-anti-CD105-mAbs was comparable to that of 125I-KRYRR-anti-
CD105-mAbs. The PET/CT images showed the same pattern of nonspe-
cific uptake in liver, spleen and lungs. The tumor uptake of 89Zr-anti-
CD105-mAbs reached a peak after 24 h (6.5 ± 0.5%ID/ml) and was
maintained high at late times (5.8 ± 0.6%ID/ml until to 48 h). The
tumor contrast of 89Zr-anti-CD105-mAbs (T/B = 5.4 ± 0.3) was in the
same range as that of 125I-KRYRR-anti-CD105-mAbs (T/B = 5.7 ± 0.1)
after 24 h.

Finally, it is of interest that other types of residualizing radioiodine
labels [24,30–35,57–59] could be tested with anti-CD105 mAbs, such
as Nε-(3-[125I]iodobenzoyl)-Lys5-Nα-maleimido-Gly1-GEEEK. This
new prosthetic group, consisting of three D-glutamates, a D-lysine car-
rying an [125I]iodobenzoylmoiety, and amaleimide functionwas conju-
gated to an internalizing anti-EGFR mAb and showed a high
improvement of radioactivity internalization into cells in vitro (15-
fold) by comparison with the direct radioiodination, and an increase
of the tumor uptake in vivo (3-fold higher) [60].

5. Conclusions

Amajor challenge in cancer immunodetection, imaging and therapy
is to maximize the amount of antibody localizing at the tumor site,
while avoiding an excessive accumulation in normal organs. We here
focused on iodinated antibodies directed against CD105, an interesting
cancer target. We found that the radiolabeling procedure had a major
impact on the in vivo stability and the tumor uptake. The directly iodin-
ated antibodies were unstable in vivo, with a rapid accumulation in the
thyroid, a fast clearance from the body, and an absence of tumor accu-
mulation. In contrast, the indirectly iodinated anti-CD105 mAbs, using
D-KRYRR peptide, led to more stable tracers, prevented the in vivo
deiodination, and increased the radiotracer retention in the tumor.
The latter compound deserves further investigation for imaging and
eventual therapeutic purposes.
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