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Abstract: Girentuximab (cG250) targets carbonic anhydrase IX (CAIX), a protein which is expressed
on the surface of most renal cancer cells (RCCs). cG250 labeled with 177Lu has been used in clinical
trials for radioimmunotherapy (RIT) of RCCs. In this work, an extensive characterization of the
immunoconjugates allowed optimization of the labeling conditions with 177Lu while maintaining
immunoreactivity of cG250, which was then investigated in in vitro and in vivo experiments. cG250
was conjugated with S-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane tetraacetic acid
(DOTA(SCN)) by using incubation times between 30 and 90 min and characterized by mass
spectrometry. Immunoconjugates with five to ten DOTA(SCN) molecules per cG250 molecule
were obtained. Conjugates with ratios less than six DOTA(SCN)/cG250 had higher in vitro antigen
affinity, both pre- and postlabeling with 177Lu. Radiochemical stability increased, in the presence of
sodium ascorbate, which prevents radiolysis. The immunoreactivity of the radiolabeled cG250 tested
by specific binding to SK-RC-52 cells decreased when the DOTA content per conjugate increased.
The in vivo tumor uptake was < 10% ID/g and independent of the total amount of protein in the
range between 5 and 100 µg cG250 per animal. Low tumor uptake was found to be due to significant
necrotic areas and heterogeneous CAIX expression. In addition, low vascularity indicated relatively
poor accessibility of the CAIX target.

Keywords: carbonic anhydrase IX; girentuximab; renal cell carcinomas; 177Lu-radiopharmaceuticals;
radioimmunotherapy

1. Introduction

Targeted therapy with monoclonal antibodies (mAbs) carrying radioisotopes
(radioimmunotherapy, RIT) has become a powerful tool in nuclear medicine, because of highly
selective small molecules and targeted internal radiotherapy; it is currently being increasingly
applied in the treatment of a growing number of malignant diseases [1–8]. Additionally, imaging
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studies with gamma emitting isotopes open the possibility of translational investigation of
dosimetry [9]. The effectiveness of RIT depends on a number of factors related to the Ab such as the
specificity and affinity as well as the immunoreactivity, stability and blood clearance of the resulting
radioimmunoconjugate [10,11]. Three radiolabeled mAbs—two murine, 90Y-ibritumomab tiuxetan
(Zevalin; Biogen Idec) and 131I-tositumomab (Bexxar; Corixa/GSK), and one chimeric, 131I-ch-TNT
(Shanghai Medipharm Biotech)—have been approved for non-Hodgkin’s lymphoma (NHL) or lung
cancer, but only a minority of anticancer mAbs currently in the clinics, are radioimmunoconjugates [12].
A suitable therapeutic window exists, only when RIT leads to a sufficient deposition of radioactivity in
the tumor and, at the same time, acceptably low doses to healthy organs and tissues. Clinical studies
revealed the limitations of radioimmunoconjugates as cancer therapeutics (for example, mAbs did not
deliver effective radiation doses, especially to solid tumor sites [13], complex chemistry was often
required for conjugation, and there were potentially toxic effects on normal tissues). In addition,
in solid large tumors, accumulation of radioactivity by RIT is negatively influenced by slow diffusion
properties of large molecules when interstitial fluid pressure is high and perfusion and vascular
permeability are heterogeneous [10,14]. Furthermore, antigen expression can be reduced due to the
presence of necrotic areas in those tumors, leading to a reduction of the radionuclide uptake.

Reaching cancer cells within solid tumors by mAbs, follows slower kinetics, compared to small
molecules, such as peptides. Thus, long circulation times require therapeutic radionuclides with
relatively long half-lives and with high stability of the radioimmune-conjugation. The released
energy from the radiometal can also induce radiolysis and degradation of the protein, and thus loss
of specificity. The formation of free radicals can be attenuated with the addition of quenching reagents
like human serum albumin (HSA), gentisic acid, ascorbic acid, and other antiradicals [15]. β− emitting
radionuclides are currently prevalent in RIT since they have shown particular efficacy against a larger
number of diseases. Radionuclides such as 131I, 90Y, 188Re, and 177Lu have been used extensively
for the RIT of neoplastic lesions [3,16–18]. 177Lu is increasingly being used as a potent radionuclide
for use in in vivo therapy because of its favorable decay characteristics. It decays by the emission of
beta particles with maximum energies of 497 keV (78.6%), 384 keV (9.1%), and 176 keV (12.2%) to
stable 177Hf [19] allowing delivery of therapeutic doses to the tumor and minimal doses to healthy
tissues (i.e., low renal toxicity). The β-emission energy of 177Lu (βmean = 166 keV) is lower than for
other radionuclides commonly used for therapy such as 131I (βmean = 191 keV), 90Y (βmean = 699 keV),
or 188Re (βmean = 770 KeV). In addition, the emission of gamma rays of 113 keV (6.4%) and 208 keV
(11%) with relatively low abundances, provides advantages that allow simultaneous scintigraphic
studies, which help to monitor proper in vivo localization of the injected radiopharmaceutical and to
perform dosimetric evaluations. Another important aspect for consideration is the relatively long t1/2
of 177Lu (6.73 days), which provides logistical advantages that facilitate its supply to locations far from
reactors. The relatively long t1/2 also favors this nuclide for use in RIT [20].

An essential criterion for successful targeted radiotherapy with 177Lu depends on the choice of
the proper bifunctional chelator (BFC). 177Lu is a bone-seeking element [14], its premature release and
accumulation in the bone can lead to dose-limiting bone marrow toxicity. A number of acyclic and
cyclic ligand systems have already been investigated for the labeling of mAb (full-length and fragments)
with 177Lu [21–23]. Macrocyclic BFCs such as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) are of particular interest for the use of lanthanides in RIT because they are very well organized
structures, enabling the formation of metal complexes, with a high thermodynamic stability and slow
decomposition kinetics [22,24–26].

During the preparation of conjugated mAbs and the radiolabeling process, the protein might
suffer some modifications, resulting in the loss of target recognition [27–29]. First, binding affinity
to target and nontarget tissue might be affected during the immunoconjugation step, because the
amino acids or peptides involved in the recognition of the antigen can be occupied by the BFC [11].
Amino acids with side chains amenable to modifications are found in all regions of Abs. Therefore,
modification methods are not site-specific and there is no control over which amino acids are modified.
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First, immunoconjugates with modifications in the binding structures result in decreased efficacy of
the targeting system [30–32]. Second, the sensitivity of Abs to heating and extreme pH values during
the labeling process. The labeling reaction with DOTA and its analogues is very slow and largely
depends on the conditions at which it is performed, which includes DOTA-mAb concentration, reaction
temperature, time, pH, buffer used and its concentration, and the presence of metal ions such as Zn2+

and Fe3+. In order to achieve a good radiolabeling yield it is necessary to increase the temperature
(>50 ◦C). The released energy from the radiometal might induce radiolysis and degradation of the
protein, and thus loss of the specificity of the mAb to reach the target. The formed free radicals
during the labeling can be attenuated with the addition of quenching reagents like HSA, gentisic acid,
ascorbic acid, and others antiradicals [15].

Girentuximab (cG250) is a chimeric mAb reactive to the protein carbonic anhydrase IX (CAIX),
a transmembrane glycoprotein with an intracellular enzymatic domain, which is overexpressed in
hypoxic cells [33–35]. This antigen CAIX is also expressed on a variety of other solid tumors, including
cervical, bladder, colon, and non-small cell lung cancer. Immunohistochemical (IHC) analysis of renal
tumors showed homogeneous expression of CAIX in the vast majority (>80%) of primary renal cell
carcinomas (RCCs) and about 70% of metastatic RCC lesions [36–39]. In most of the RCCs constitutive
CAIX expression is common due to the presence of von Hippel Lindau mutation leading to a hypoxia
inducible factor 1 alpha (HIF-1a), without expression in normal kidney tissue [34,36,38–42]. Therefore,
CAIX is a promising target for renal cancer and other hypoxic tumors. A clinical trial failed to show a
benefit of native cG250 in adjuvant treatment after surgery on the RCCs [43]. However, the patient
collective showed a better overall prognosis than expected, which points to a lack of tumor cells
that were available for targeting. Safety and tolerability of the antibody was demonstrated. Clinical
and preclinical attempts have been made to use cG250 as carrier molecules for radioisotopes [44,45].
Therefore, there are many ongoing experiments in the therapeutic area. The first clinical trial for
therapy was carried out with [131I]-girentuximab but the results were not as positive as expected.
The widely used beta emitting isotope 177Lu (t1/2 = 6.7 days, 497 keV end-point energy) has also been
investigated in preclinical and clinical studies treating metastasized RCCs [2,46–48].

Here, a detailed evaluation of the parameters affecting conjugation of
S-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane tetraacetic acid (p-SCN-Bn-DOTA) to
girentuximab by the isothiocyanate group was conducted [49]. In order to characterize the conjugated
cG250 the modification sites and the number of BFC modifications per mAb were determined by
mass spectrometry. The loss of immunoreactivity post conjugation was evaluated in cells and tumor
tissues. DOTA(SCN)-girentuximab conjugates with different BFC/mAb ratios were labeled with 177Lu
and the influence of sodium ascorbate on the radiostability was studied. A comparison between
the one-step labeling method and the two-step labeling method was another variable to consider, in
regards to the preparation of the radioconstructs. In addition, the dependence of the in vitro binding
of the radioconjugates, in vivo pharmacokinetics, tumor uptake on the mAb protein dose, and the
heterogeneity of CAIX expression was studied in xenograft mice.

2. Results

2.1. Conjugation of p-SCN-βn-DOTA to cG250

DOTA(SCN)-cG250 immunoconjugates with a range of BFC/mAb loading ratios were prepared
and purified by modulating the duration of the bioconjugation reaction times between 30 and 90 min.
Immunoconjugates were classified by their molecular weight (MW) after conjugation with DOTA(SCN):
C2 (90 min reaction time) > C3 (60 min reaction time) > C7 (30 min reaction time) detectable by size
exclusion-high performance liquid chromatography (SE-HPLC/UV) and sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 1). For example, conjugate C2 obtained after
90 min of incubation time showed a retention time of 12.24 min compared to 15.1 min for the native
mAb; a shift of 3 min on the SE chromatograms. Likewise, conjugates C3 (12.72 min elution time)
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and C7 (13.66 min elution time) were incubated for 60 and 30 min, respectively, which correlated
with the expected increment of the MW of the conjugates after the protein conjugation with the
BFC was indicated by the left shifting of the peak on the SE-HPLC chromatogram, compared to the
native cG250 (Figure 1a). The completeness of the protein purification by filtration–centrifugation
in the conjugates was corroborated by monitoring the signal intensity within the 30 min region on
the SE-HPLC chromatogram, which corresponded to the elution time of the free BFC. The complete
removal of BFC in the purified conjugate is a critical parameter to ensure high radiochemical purity.
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Figure 1. Conjugation of cG250 with DOTA via benzylthiocyano group: (a) Size exclusion-high
performance liquid chromatography (SE-HPLC) chromatograms of different selected DOTA(SCN)-cG250
conjugates compared to the native cG250; (b) size exclusion-high performance liquid
chromatography/ultraviolet (SE-HPLC/UV) chromatograms of DOTA(SCN)-cG250 conjugates prepared
from the same batch; and (c) SDS-PAGE chromatograms of cG250-conjugates in reduced conditions.

As expected for a denaturing analytical technique, SDS-PAGE chromatogram of the
DOTA(SCN)-cG250 conjugates C2, C3, C4, C5, and C7 showed easily distinguishable bands
corresponding to the light (LC) and heavy chain (HC) of the Abs. The conjugated protein bands
of the LC and HC were, as expected, broader and shifted to higher molecular weights, when compared
to the LC and HC bands of the native mAb (Figure 1c). Using a standard (Precision Plus™ Protein
Unstained, 10–25 kDa, BioRad) the MW of the HC and LC bands of cG250 could be estimated.
The results correspond to the same order of MW (C2 (90 min) > C3 (60 min) > C7 (30 min)) obtained by
SEC chromatography.

For large-scale clinical production of immunoconjugates the reproducibility of the conjugation
process is relevant. Consistency of the conjugation process was explored by undertaking the
conjugation process in triplicate. Three conjugates (C3, C4, and C5) were prepared and purified
by using a 60 min incubation time. The retention times of conjugates C3, C4, and C5 by SE-HPLC were
similar, and the retention times of the conjugates varied by 12.64± 0.08% with less than 7% uncertainty
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(Figure 1b). In the case of the SDS-PAGE, the reproducibility obtained was less than 1% of uncertainty
of the MW of the HC and LC (Figure 1c). Based on the SE-HPLC and SDS-PAGE results, the conjugates
C3, C4, and C5 could be classified within the same group. The ratio of DOTA molecules per molecule
of mAb, was calculated by the difference of the MW between the conjugated and the native mAb.
The average ratio ranged from 1 to 6 in LC and from 4 to 23 in the HC based on the information from
the SDS-PAGE chromatograms; using an uncertainty of 10% of the MW estimation by SDS-PAGE
(Supplementary Table S1). Another important aspect that might influence the accuracy of the MW
determination by SDS-PAGE is the preservation of the separation conditions. Different conditions such
as the gel concentration and voltage during the protein separation would influence the migration of
proteins in the tested sample, when compared to the standard sample, changing the standard mass
calibration procedure as a consequence. In order to measure the MW with better accuracy, another
analytical tool like mass spectrometry is required.

For SE-HPLC/UV, the stability of the conjugates was evaluated based on the shift between
the retention times of the conjugates compared to the native mAb. This way, the variability of the
retention time measurements at different days was excluded. These variations of retention time
signals were observed due to the interactions of the stationary phase with the mobile phase (eluent or
sample) components. After 24 months the difference between the retention times of the conjugates
and the native monoclonal antibody were 2.91 ± 0.03, 2.51 ± 0.01, and 1.48 ± 0.03 for conjugates
C2, C3, and C7, respectively. The intensity of the peak was the same using 0.05 mg/mL as protein
concentration. The chromatogram of the conjugates showed no significant changes to peak positions
or bands in SE-HPLC chromatograms or SDS-PAGE, respectively.

2.2. Identification of DOTA Modification Sites

The conjugates were analyzed through peptide-mass mapping using tandem liquid
chromatography–mass spectrometry (LC–MS/MS). The modification sites by DOTA, were identified
by comparing the peptide-mass mapping of the conjugates with the data base of peptide masses of the
native cG250 after the digestion processes were completed with trypsin. The native cG250 sequence
coverage LC–MS/MS was 96% and 88% for LC and HC, respectively. The data obtained was used as
a control to identify the modified peptides in the conjugated protein and to calculate the occupancy
by DOTA molecules on the amino acid sequence. The peptide mapping of the DOTA(SCN)-cG250
conjugates resulted in sequence coverages from 71% to 87% for HC and from 73% to 95% for LC,
respectively. The lower coverage values were obtained in the conjugates with higher ratio DOTA(SCN)
per molecule of mAb ratios. The higher the BFC/cG250 ratios led to a higher heterogeneity of the
conjugated peptides, which resulted in decreased digestion efficiency of trypsin due to blocked trypsin
cleavage sites, resulting in longer peptide sequences and consequently reduced extraction efficiency
from the gel matrix. In order to increase the peptide sequence coverage, a second digestion process with
chymotrypsin was performed for the conjugate C2. The combined data of two different digests resulted
in almost 100% sequence coverage of both mAb subunits, HC (98.4%) and LC (98.6%). The combination
of trypsin and chymotrypsin digests successfully increased the sequence coverage of the conjugates
to 97.6% for the HC, and 92.5% for the LC. Short peptides could not be identified, which was due to
chromatographic and data analysis/processing limitations.

Figure 2 shows that the DOTA(SCN)-modified peptides sites were, as expected, mostly through
lysine amino acid residues (K and Lys), as previously described [25]. Also, DOTA modifications were
not consistently allocated to the same K residues across all replicates on the HC and LC as shown by
Figure 2a. The occupancy of K residues with DOTA(SCN) modification was calculated by MaxQuant,
using peptide intensities and search parameter settings as previously for EasyProt. DOTA conjugated
peptides were eluted at different retention times from the reversed phase chromatography column and
detected with higher charge states than the nonconjugated peptides, as expected. DOTA(SCN)-labeled
peptides eluted at different retention times from the reversed phase column than the native peptides,
due to different matrix effects at the time of elution and possibly different ionization efficacies of native



Pharmaceuticals 2018, 11, 132 6 of 26

and conjugated peptide forms. The latter is supported by the observation that DOTA-labeled peptides
were usually detected with a higher charge state than the nonlabeled peptides. We assumed that
higher ratios represent a better accessibility of DOTA to the corresponding K residue.
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Figure 2. Characterization of the DOTA(SCN)-cG250 conjugates by mass spectrometry: (a) Lysine
occupancy in the LC (top) and HC of DOTA(SCN)-cG250 post trypsin in-gel digestion of the proteins
(n = 3) in conjugate C2 (90 min), C3, C4, C5 (60 min), and C7 (30 min) and (b) mass measurements by
MALDI-TOF MS of native cG250 and conjugates C3 and C7.

K-416 of the HC appears to be almost quantitatively labeled, meaning that the probability of the
conjugation of the K-416 is higher compared to the other K residues. Based on the incomplete sequence
coverage achieved by in-gel digestion LC–MS/MS using trypsin enzyme, we also have to assume
that there are K residues on peptides modified by DOTA(SCN), which could not be extracted from
the gel matrix. Furthermore, DOTA(SCN) labeling renders peptides more hydrophobic, thus making
it more difficult to extract them from the gel matrix. Therefore, nonlabeled peptides were extracted
more efficiently than labeled ones, leading to an over-representation of the nonlabeled forms. It is
well known and has been described that K is the most nucleophilic amine in proteins; however, K-416
has an additional input because it is the C-terminus of the HC of native cG250 [50,51]. The reaction
that takes place does not have steric hindrance compared with the other K residues rendering the
substitution reaction more efficient. In general, the reactivity of the N-terminal amino group is higher
because its pKa value is lower than the K. Thus, DOTA(SCN) modifications were also observed at the
amino terminus through aspartic acid amino residues (D, Asp) in the HC and LC.

2.3. Ratio of DOTA Molecules Per Molecule of Antibody

In general, when the average number of BFCs per protein (N) increases the immunoreactivity
of the obtained product decreases. It is possible to determine “N” by calculating the difference in
mass between the mass of the conjugates and the native mAb [52,53]. The mass of the conjugates
was measured by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) (Figure 2b) and the average number of DOTA(SCN) molecules per molecule of cG250
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was then calculated. The native cG250 shows the presence of three major peaks corresponding to the
MW of 148,736.14 Da (monocharged and unconjugated mAb, [M+H]+), 74,292.94 Da (doubly charged
unconjugated mAb, [M+2H]2+), and 49,510.29 Da (triply charged unconjugated mAb, [M+3H]3+).
Furthermore, the MALDI-TOF mass spectra of the DOTA(SCN)-cG250 conjugates also showed
three peaks corresponding to the mono, doubly and triply charged conjugates species. Compared
to the spectrum of the native cG250 mAb, these spectra show a broadening of the peaks, which
indicates heterogeneity in the number and location of DOTA(SCN) molecules conjugated to the Abs,
thus confirming the results of the LC–MS analysis. The MW of the peak [M+H]+ (151,543.63 Da) is lower
for the conjugate C7 than for conjugate C3, corresponding to the results obtained by SE-HPLC/UV and
SDS-PAGE (Figure 1). The MW of the conjugates C4 and C5 were also measured. The uncertainty of
the MW by MALDI-TOF was also less than 1% in the three major peaks of conjugates C3, C4, and C5,
which were prepared in the same conditions (data not shown). These results show a similar MW
and, therefore, similar ranges of BFC/mAb ratios. The average number of DOTA(SCN) molecules per
molecule of cG250 calculated for the conjugates are summarized in Table 1. Similar BFC per Ab ratios
were obtained, by using the same conjugation method and incubation time but different mAbs [3,49].

Table 1. Average of DOTA(SCN) molecules per molecule of cG250 by mass spectrometry.

Conjugate MW (Da) Ratio
Non Reduced

Ratio
Reduced

HC LC

C2 (90 min) - - 12–23 1 6–7 1

C3 (60 min) 154,187.07 8–10 3–4 1–2
C7 (30 min) 151,543.63 5–6 1–2 1–2

1 Values obtained by intact mass.

In order to know the number of conjugated molecules of BFC in the HC and LC of the mAb,
the native cG250 and conjugates were incubated with dithiothreitol (DTT) (40 mM) for 1 h before
injecting the test sample in the MALDI-TOF spectrometer. The mass spectrum of the native cG250
showed peaks which corresponded to LC and HC. The mass spectrum of the reduced conjugate C3
also showed two main peaks at 51,546.27 Da and 24,151.98 Da, which corresponded to the MW of
the HC and LC of the conjugated cG250, respectively. Those peaks were also broader compared to
the spectrum of the reduced native cG250 (Supplementary Figure S1). The average of DOTA(SCN)
moieties was found to be 1–2 and 3–4 in the LC and the HC of conjugate C3, respectively (Table 1).
The ratios were obtained per chain and were multiplied by two based on the antibody structure
matched well with the ratios obtained for the nonreduced conjugate.

It was not possible to determine the ratio of BFC molecules in the HC and LC of conjugate
C2 because it was not possible to measure the MW by MALDI-TOF, presumably due to the high
heterogeneity of the conjugate. However, it was possible to determine the ratio of BFC molecules in
the LC by intact mass using a QExactive mass spectrometer (ThermoFisher, Bremen, Germany) via a
nanospray electrospray ionization (ESI) source. The samples (the native and the conjugated cG250)
were treated with DTT to cleave the LC and HC. Very clean signals could be measured for the native
LC and HC as well as the conjugated LC, while the conjugated HC spectrum was extremely complex
and deconvolution resulted in several signals with an inherent uncertainty of being correct (data not
shown). From the LC of conjugate C2, accurate mass determination was possible, however the HC
presented challenges. The software was able to extract a few masses in the HC of the conjugate C2,
but they were less certain than in all other measurements (95% vs. 99%). Using the obtained MWs of
the native and the conjugate divided by the MW of the BFC (552.6 Da), the DOTA(SCN)/cG250 mAb
ratio ranged from 5 to 6 in the LC. For the higher intensity MW peaks (50,682.105 Da and 50,519.625 Da)
the average number of BFC ranged from 12 to 23 per mAb. Therefore, those results are not reliable
because of the intensity of the rest of the peaks (background) on the chromatogram. The range of
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values corresponded to the ones obtained by SDS-PAGE with the range of the total MW of C2 obtained
by MALDI-TOF (Table 1).

2.4. In Vitro Characterization of the Conjugates

Immunoreactivity of the conjugates was evaluated by flow cytometric and IHC analyses before
labeling the cG250 with 177Lu. An increasing extent of conjugation of the cG250 with DOTA(SCN)
moieties, correlates with a reduction in binding to CAIX on the SK-RC-52 cells compared to the native
cG250 by flow cytometry and IHC (Figure 3). Staining of the cell lines with the native variant of cG250
showed that CAIX recognition on SK-RC-52 cell line is 20 times higher than on the SK-RC-18 cell line,
which confirms the specificity of the cG250 and the suitability of these two cell lines for the remaining
studies. The results were previously validated by immunocytochemistry analysis (ICC), where the
SK-RC-52 cell line showed a strong staining intensity and cell membrane localization (Supplementary
Figure S2). However, CAIX expression was not detected in the SK-RC-18 cell line by flow cytometry
and neither by immunocytochemistry (ICC) (Supplementary Figure S2).
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Figure 3. Immunoreactivity of DOTA(SCN)-cG250 conjugates with SK-RC-52 cells in vitro and in
tumor tissue. (a) Concentration-dependent binding of native cG250 to SK-RC-52 cells and SK-RC-18
(control), as assessed by flow cytometry. The red dashed line corresponds to the IC50. (b) Flow
cytometric assessment of CAIX recognition on SK-RC-52 cells of immunoconjugates C2 (90 min),
C3 (60 min) and C7 (30 min). (c) Flow cytometric assessment of CAIX recognition on SK-RC-52 cells
of immunoconjugates C3, C4, and C5 (60 min). (d) CAIX immunostaining in frozen SK-RC-52 tumor
samples using native cG250 mAb and immunoconjugates C2, C3, C4, C5, and C7. CAIX Abcam
(ab15086) as a positive control and Dako (P0214) as a negative control. 100 µm scale bar and
10X objective.
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Concentration-dependent experiments demonstrated an IC50 of around 0.02 µg/mL for cG250
(Figure 3a), which was used to evaluate the effect of DOTA(SCN) on the mAb recognition in subsequent
experiments. At high doses (e.g., 100 µg/mL) of protein, the geometric mean fluorescence intensity
(GMFI) values increase until the cG250 saturates all the binding sites. After conjugation of the cG250
with DOTA(SCN), a reduction in the recognition of the CAIX by the conjugates on SK-RC-52 cells
compared to the native variant was observed (Figure 3b). The loss of recognition was dependent
on the average number of conjugated DOTA(SCN) per molecule of mAb, as C2 contains more than
12–23 DOTA, C3 contains 8–10 DOTA, and C7 contains 3–5 DOTA. In order to explore if whether or not
the location of the DOTA modifications had any influence over the loss recognition by the conjugated
mAb, three different conjugates (C3, C4, and C5) with the same number of BFCs located in different
K residues were compared. As evidenced in Figure 3c, there were no differences (p > 0.05) in the
recognition between the three conjugates, indicating that their biological activity was directly related to
the ratio BFC/mAb rather than the location of the BFC molecules on the K residues. Those conjugates
were also analyzed by IHC and no significant difference between them was observed (Figure 3d).

The recognition of the conjugates to CAIX in tumor samples was another variable that was
evaluated (Figure 3d). The native cG250 was evaluated showing a staining pattern that nicely
reproduced the pattern of the commercial Ab, staining the same histological areas in frozen samples.
CAIX staining with the C7 conjugate (conjugated with the lowest level of DOTA) was the most specific
antibody without relevant background staining. The conjugate C2 showed a high background and
no specific staining, which might be due to the high number of BFCs attached to cG250. In general,
all conjugates showed the same staining pattern as the native cG250. The areas that did not express
CAIX by the native and conjugated cG250 were comparable and showed the same pattern as the
commercial Ab (Abcam), which was used as a positive control.

To evaluate possible recognition and accumulation of the radiolabeled cG250 in subsequent
animal studies, the antigen was also measured in healthy tissue which was related to the metabolism
and excretion of the large proteins. In the paraffin normal tissue samples, CAIX immunostaining,
showed strong intensity in the stomach and negative immunostaining in the rest of the organs (liver,
gallbladder, spleen, and duodenum) by Abcam Ab. However, normal tissue frozen samples were
negative for cG250 mAb and the control Abs (Supplementary Figure S3).

2.5. Radiochemical Purity and Influence of Sodium Ascorbate on the Stability In Vitro

Radioimmunoconjugates with different specific activities were obtained with >90% of
radiochemical purity (RCP) by instant thin layer chromatography (ITLC) before and after the addition
of DTPA. A slight excess of DTPA was added to the reaction mixture to complex any free 177Lu3+ ions,
which was monitored on the SE radiochromatogram. After the purification processes by SE, the typical
radiochemical yield of [177Lu]DOTA(SCN)-cG250 was 85% with radiochemical purity above 99%.
It was possible to reach highest specific activities of 9 MBq/µg with the conjugate C3. In the case of
conjugate C7 (less DOTA content), the RCP decreased when the initial activity was increased reaching
as much as 5 MBq/µg. The presence of the ionic (free 177Lu3+) impurities is explained by the low
DOTA content in this conjugate compared to the other conjugates. The average number of 177Lu atoms
chelated per mAb was 1–2 for the conjugate C3 and 0–1 for the conjugates C7 postpurification. Higher
initial activities of 177Lu were used to increase those values of specific activities of the labeled mAb,
but they resulted in lower radiochemical yields.

Stability of the radioimmunoconjugates becomes a critical issue for conjugated mAb due to their
pharmacokinetics and long circulation times. In vitro stability was studied under different conditions:
HSA 20%, human serum (HS) and phosphate-buffered saline (PBS) with and without the addition
of sodium ascorbate (NaAsc, 50 mg/mL) postpurification. Figure 4a shows a drop in the RCP of
the radioconstruct two days after labeling at 319 MBq/mL activity concentration (specific activity
was > 9 MBq/µg), even in the presence of the 50 mg/mL quenching solution. We assume that the
protein was damaged to a certain degree, due to the formation of radical ions by radiolysis during the
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labeling process. Nevertheless, radiostability of [177Lu]DOTA(SCN)-cG250 at lower specific activities
(<3 MBq/µg) and activity concentrations (<107 MBq/mL) was increased by the addition of NaAsc
(Figure 4a). The RCP was above 90% by ITLC up to 10 d postlabeling in 20% HSA and HS for the three
types of conjugates (Figure 4b).
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radioconstructs at different activity concentrations without and with NaAsc respectively and (b) C2,
C3, and C7 radioconstructs (2 MBq/µg) in human serum and HSA 20% in the presence of NaAsc.

2.6. In Vitro Radioimmunoreactivity of the Conjugates Labeled with 177Lu

During the radiolabeling process, the biological activity of the protein may be compromised
and the specificity of the biomolecule to bind to CAIX antigen may therefore be reduced. Therefore,
the immunoreactivity of the radioconstructs was evaluated in vitro using the SK-RC-52 cells before
in the in vivo application. First, the specific binding to SK-RC-52 cells was measured using different
protein concentrations and as a result, a maximum of 60% binding was obtained (Figure 5a).
After adding 5 ng of carrier antibodies to 5 × 106 cells, a decrease in the percentage of binding
was observed due to the saturation of binding sites with the nonlabeled mAb. During the preparation
of the radioconstructs it was not possible to separate the labeled-mAb from the nonlabeled-mAb
using PD10 columns. Saturation of the binding sites was also observed by flow cytometric analysis
(Figure 3a) at high protein doses. In the case of the SK-RC-18 cells (negative control) the percentage of
binding and internalization was <2.0% (Figure 5a) as compared to the values for nonspecific binding
using the native cG250 at the highest studied protein concentration (data not shown).

Figure 5b shows the percentage of binding and internalization of different conjugates to positive
and negative CAIX cell lines (SK-RC-52 and SK-RC-18, respectively). The percentage of binding of
[177Lu]DOTA(SCN)-cG250 to SK-RC-52 cells ranged from 60 to 70% for conjugate C7 with a ratio of
less than six DOTA(SCN) molecules per cG250. The percentage of binding to the SK-RC-52 cell line
was significantly higher (p < 0.001) for the radioconstructs using conjugate C7 (lowest DOTA content).
The percentage of internalization of the radioconstruct was >90% of the total activity bound to the
SK-RC-52 cells (Figure 5b,c). In general, the percentage of binding and internalization decreased



Pharmaceuticals 2018, 11, 132 11 of 26

with increasing DOTA content showing the same pattern as observed in the flow cytometric analysis
(Figure 3b). Figure 5c shows no significant change (p > 0.05) in the percentage of binding and
internalization after a dilution of the radioconstructs with 20% HSA, human serum, and PBS to simulate
in vivo conditions. The percentage of binding and internalization slightly decreased using higher
specific activities of the radioconstructs (Figure 5d). Blocking studies with an excess of native cG250
revealed the specificity of the labeled cG250 by reducing binding and internalization to background
levels. In all cases, the SK-RC-18 cells were used as a negative control to correct the percentage of
binding and internalization as a nonspecific binding.
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Figure 5. Radioimmunoactivity in vitro of [177Lu]DOTA(SCN)-cG250 to SK-RC-52 cells (n = 3).
(a) Concentration-dependent binding of [177Lu]DOTA(SCN)-cG250 using the conjugate C3 (60 min).
(b) Recognition of radioconstructs from conjugates C2 (90 min), C3 (60 min) and C7 (30 min) to
SK-RC-52 cells by radioimmunoassay at 2 MBq/µg specific activity. (c) Radioimmunoactivity in HSA
20%, HS and PBS at 2 MBq/µg specific activity using the conjugate C3. (d) Radioimmunoactivity of
[177Lu]DOTA(SCN)-cG250 at different activity concentrations using the conjugate C3. Blocking studies
were performed with 50 µg of native cG250.

2.7. Biodistribution

The biodistribution of [177Lu]DOTA(SCN)-cG250 which was measured 48 h after the I.V.
application of 12 MBq in BALB/c nu/nu mice across a range of Ab protein mass doses
(specific activities) shows a moderate influence by the total applied protein dose (Figure 6). In vivo,
blood retention increased with higher protein doses (i.e., lower specific activity) and liver uptake
slightly declined with protein doses up to 60 µg/animal. In contrast, tumor accumulation was
not significantly influenced (p > 0.05) by total protein doses between 5 and 100 µg per animal.
Correspondingly, at higher protein doses blood circulation seemed prolonged and tumor uptake
was highest at a relatively high amount of cG250 (30 µg) per animal (Figure 6a). In addition, a higher
amount of radioactivity remained in the rest of the animal body (skin, blood, muscles, and bones) for
animals with higher administrated protein doses and the excretion process was low (Figure 6b). Longer
circulation and the remaining activity in the rest of the animal may be correlated to the saturation
of the binding sites in the target, which was observed during the blocking studies. A reduction of
tumor uptake at 24 h (p < 0.05) was observed in the animals with a previous injection of 500 µg of
native cG250 (Figure S4). The native mAb was injected shortly before the radioconjugate and CAIX
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receptors where partially blocked. However, a major impact by the blocking in spleen and liver was
not observed.
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Figure 6. Biodistribution of [177Lu]DOTA(SCN)-cG250 from conjugate C7 at 48 h using total protein
dose adjusted between 5 and 100 µg and 12 MBq per animal (n = 4). (a) Organs: tumor, blood,
spleen and liver. (b) Activity balance.

Tumor volume had more influence on tumor uptake when low protein doses were used (Figure 7).
Interestingly, for one animal bearing a small tumor (140 µg), a positive out layer was observed in
the group receiving the lowest protein dose. In case of higher doses, the %ID/g was similar across
mass doses and was independent of the tumor size (Figure 7). The effect of the tumor weight on
tumor retention has been studied in previous work, where an exponential decline of tumor uptake of
111In-DTPA-girentuximab was demonstrated [54].
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Figure 7. Relationship between tumor uptake and tumor volume per animal of the biodistribution of
[177Lu]DOTA(SCN)-cG250 from conjugate C7 at 48 h using total protein dose adjusted between 5 and
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The relationship of blood circulation values with the protein amount was also observed in the
biodistribution of [177Lu]DOTA(SCN)-cG250 measured 24 h and 96 h after the I.V. application of 2 MBq
(0.5 µg) and 18 MBq (5 µg) without adjusted doses (Figure 8). The animals with a 5 µg protein dose
showed a slower blood clearance until 24 h. The T/B ratio of 43.25 at 96 h was almost four times higher
than the ratio at 24 h in the animals with a 5 µg protein dose. Therefore, tumor uptake was higher in the
animal group with lower liver uptake. The decreased %ID/g in the liver with an increased protein dose
was observed independently regardless of if the protein dose was adjusted (Figures 6 and 8) [33,55].
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Figure 8. Biodistribution of [177Lu]DOTA(SCN)-cG250 from conjugate C7 using a 0.5 µg (2 MBq) and a
5 µg (18 MBq) protein dose per animal (n = 4).

In order to determine the availability of the radioconstruct in blood and in vivo stability,
a metabolism analysis was performed by protein precipitation (data not shown). The percentage
of the activity was >50% in plasma showing a low complexation with blood cells. Another important
parameter is the percentage of free 177Lu activity in blood plasma relative to the intact labeled
radioconstruct. The percentage of free 177Lu was <5% at 24 h and increased to 10% at 96 h from
the release of the radiometal. Indeed, the tumor/blood (T/B) ratio increased at 96 h (0.5 µg) to 10.16
(Figure 8a) when the specific activity was <3 MBq/µg. This could indicate the importance of the
radiostability of the radioconstructs in vivo. Therefore, tumor uptake was low but in line with the
values obtained by Muselaers, C. H. (escalating doses of 111In-DTPA-G250) comparing the lower
protein dose (<5 µg) [56].

2.8. Effect of Tumor Volume, Hypoxia, and Necrosis on cG250 Tumor Retention

The accumulation of the radioactivity in the tumor is also related to the properties of the
target such as the location, size, antigen expression, and others. To study the target influence in
the radiopharmaceutical uptake and diffusion, tumor properties such as CAIX expression and the
vascularity were studied in different-sized tumors. IHC analysis of SK-RC-52 tumors (n = 20) showed
a CAIX expression depending on the tumor size and tumor growth. In general, it resulted in decreased
availability of the antigen when the tumor volume was increased. Tumors smaller than 20 mm3

(Figure 9a) and tumors larger than 200 mm3 (Figure 9c,d) usually developed necrosis after 6 weeks
of tumor growth. The extent of necrosis consequently reduces the expression of CAIX. Large tumors
(544 mm3) showed 80% necrosis (as observed by H&E stain) (Figure 9c). However, tumor volumes
smaller (161 mm3) showed mostly homogeneous patterns and a strong intensity of CAIX localized in
cell membranes of the SK-RC-52 tumors and no necrosis (Figure 9b).
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Figure 9. Evaluation of vascular density and hypoxia in FFPE from four different SK-RC-52 tumors:
(a–d) (H&E) staining; (e–h) CD31 immunostaining; and (i–l) HIF1α staining. (a) 200 µm scale bar,
5x objective. (b–d) 1000 µm scale bar, 1.5x objective; (inset) 50 µm scale bar, 20x objective.

The vascular density was determined by CD31 (a marker of endothelial cells) (Figure 9e–h).
Additionally, CD31 staining showed an average percentage of vascular density of 2.5 ± 0.5% in the
tumors, which was also independent of the tumor size and the CAIX expression. Results are in line with
the values obtained by Oosterwijk-Wakka, J.C. in 2015 [57]. Hypoxia-inducible factor 1 (HIF-1) marker,
which is a key mediator of tumor survival and adaptation to a hypoxic environment, was evaluated by
IHC [58]. IHC analysis of the SK-RC-52 tumors with different size showed the presence of HIF1α in
all nuclei from tumor cells (Figure 9i–l) but also reflects necrosis and a high heterogeneity of CAIX
expression across the tumor. These effects have a direct influence on the targeting of the mAb and
resulting radiation dose accumulation to the tumor [59].

3. Discussion

In the present study we evaluated some variables that might affect the immunoreactivity of the
cG250 during the conjugation and radiolabeling processes in comparison with the initial properties of
the native cG250. DOTA isothiocyanate modifications occurred via K residues with the formation of a
stable and strong thiourea bond (SC(NH2)2). The precision of the isothiocyanate conjugation to mAbs
via lysine residues allows for higher selectivity and control compared to the iodination reaction. Higher
levels of modification can still lead to impaired binding, and, therefore, loss of efficacy. However,
the extent of Ab modifications via BFC/mAb ratio can be controlled during the bioconjugation reaction.
The absence of DOTA(SCN) labeling in the CDR is an additional advantage of the labeling of mAb
with radiometals compared to previous studies with 131I [55]. The radioiodination of cG250 using the
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standard method Chloramine–T is performed through tyrosine amino residues (Y, Tyr), which are part
of the complementarity determining regions (CDRs) of the cG250. In in vivo studies the bond 131I-Y
amino residues might be affected due to the action mechanism of the mAb during the internalization
process into the cancer cells [60]. The use of the radiometals is a tool more suitable for RIT of RCC [2].
However, the occupancy of the K in the neighborhood of the CDRs can compromise the biological
activity of conjugates and limit the effectiveness of the therapy. The higher the number of DOTA(SCN)
attached to K residues in the mAb sequence, the more heterogeneity the conjugate has and the more
difficult it is to characterize. For example, conjugate C2 (90 min) was impossible to measure the MW
and calculate then the BFC/mAb ratio by mass spectrometry.

The effectiveness of RIT depends on a number of factors and processes. Some factors relate to
the specificity, affinity, and immunoreactivity of the mAb postconjugation and post-radiolabeling.
The in vitro evaluation of the immunoreactivity of the conjugates showed that the conjugates with
the lowest DOTA content have a better recognition of the CAIX compared to conjugates with higher
DOTA content using the native cG250 as a reference. Meanwhile, conjugates with the same BFC/mAb
ratio showed similar percentage of binding to the CAIX antigen in SK-RC-52 cells and tumor samples,
which was observed by flow cytometry and immunohistochemistry. The immunoreactivity of the
DOTA(SCN)-cG250 conjugates seemed mainly determined by the average number of the BFC attached
to the mAb. Also, the introduction of multiple BFC modifications might enhance blood clearance
and thus the deterioration of pharmacokinetic properties occurred [29]. Another critical point for the
use of radiolabeled mAbs is stability and immunoreactivity after the labeling or chelation with the
radiometal. The radiochemical yield of DOTA(SCN) conjugates at room temperature in general,
is very low; but offers advantages over heating most importantly, such as the preservation of
the protein. To complete the radiolabeling (RCP > 90%) without loss of immunoreactivity of the
radiolabeled Abs, longer reaction times (90 min) and elevated temperatures (below 42 ◦C) were used.
We were able to label DOTA(SCN)-cG250 conjugates with 177Lu obtaining RCP > 95% for each
conjugate (different BFC/mAb ratios). Compared to a two-step method the ratio of 177Lu to mAb
was orders of magnitude higher. As the effectiveness of the RIT also depends on the accumulation
of radioactivity at the tumor site, the specific activity of the radioconstruct might play a determining
role in accessible tumor sites such as circulating tumor cells and tumor cell clusters. With prevention
of radiolysis it was possible to keep the stability in vitro in physiological conditions for specific
activities < 3 MBq/µg (<107 MBq/mL) by adding sodium ascorbate to the formulation after labeling.
In general, the immunoreactivity of the radiolabeled cG250 to the specific binding of SK-RC-52 cells
decreased when the DOTA content per conjugates was high. The internalization and accumulation of
the radionuclide into the target is an important parameter in RIT [24], and does not seem significantly
influenced by the increment of DOTA modifications. However, the percentage of internalization to the
SK-RC-52 cells was not significantly different (p > 0.05) between conjugate C3 (8–10 BFCs/mAb ratio)
and conjugate C7 (5–6 BFCs/mAb ratio).

The biodistribution of [177Lu]DOTA(SCN)-cG250 in Balb/c nu/nu mice with subcutaneous
SK-RC-52 showed more than 20% ID/g in the liver and less than 10% ID/g in the tumor, independent
of the protein dose which ranged from 5 to 100 µg. Both lower as well as higher tumor uptakes were
observed when increasing the protein dose. The blood clearance appeared generally slightly faster
with lower amounts of protein. Typically, the therapeutic index between the tumor effect and systemic
toxicity is determined by accumulation and retention within tumor tissue on one side and blood
circulation on the other. Due to the possibility of slow accumulation and further internalization into
the tumor tissue, long blood circulation might enhance both tumor accumulation and systemic toxicity.
Thus, a complex in vivo interaction between pharmacokinetic (PK) properties of the radioconstruct
and tissue properties of the tumor exist. For smaller molecules like 99mTc-(HE)3-ZCAIX:1 the influence
on PK on tumor uptake is generally less pronounced [61]. At very low protein amounts (0.5 µg
girentuximab/animal) rapid clearing from blood was observed, which results in a shorter time of
availability of the radioimmunoconjugate for internalization into the tumors and correspondingly very



Pharmaceuticals 2018, 11, 132 16 of 26

low tumor uptake. At high mAb doses oversaturation of binding sites occurs and tumor uptake is
obviously maximized mainly by the possibility of long diffusion into the tumor and by resaturation
of recycled antigens after internalization. Although higher specific activities are very feasible,
the lowest amount of cG250 showing acceptable PK was 5 to 30 µg/animal. This resulted in typical
tumor accumulation of 10% ID/g in tumors with higher uptake in small and homogenous tumors.
This compares well to tumor uptake of F(ab’)2 fragments in head and neck squamous cell carcinomas
(HNSCC) xenografts of 1 to 4% ID/g [45]. Nevertheless, tumor accumulation is highly influenced
by the heterogeneity of tumor microstructure. However, at much lower protein doses, the PK might
be an obstacle when the radiolabeled Ab is rapidly cleared from the blood and distributed to organs
like the liver and spleen. Thus, PK of [177Lu]DOTA(SCN)-cG250 (3 MBq/µg) was influenced by the
applied total protein dose, whereby at low amounts of mAb rapid clearance from blood by to liver and
spleen occurred.

For disseminated small tumors, including single cancer cells, diffusion is less important than
saturation of antigens. This is particularly true for systemic disease-spreads where tumor cells and
tumor cell clusters are distributed through the body. Here, a high ratio between radioactivity and the
amount of protein carrier mAbs might be beneficial. When binding occurs in relation to the circulation
time, it is plausible to measure a relationship between tumor accumulation and tumor size. However,
if oversaturation occurs, such a relationship declines when binding sites stay saturated over the blood
clearance time. Subsequently, the expected inverse relationship between tumor size and tumor uptake
was not observed at protein doses of 60 and 100 µg per mouse. This indicates that protein amounts
above 60 µg will not be optimal for binding, in particular, for small tumors and single cells. To target
subclinical tumor manifestations—either single cells or small tumor cell clusters—replacement of a beta
emitting isotope by long lived alpha emitting isotopes might be promising [4,5,62,63]. Furthermore,
the effect of longer blood circulation with a higher protein amount is evident with a higher inverse
relationship between the tumor size and tumor targeting for animals receiving 5 µg, over animals
receiving only 0.5 µg cG250 without adjusting for specific activity. Therefore, future development of
targeting smaller tumor clusters without the observed tendency to necrosis and heterogeneity might
include alpha emitting isotopes like Actinium-225.

Other factors related to the target or antigen such as density, location, and heterogeneity of
expression of tumor-associated antigen within tumors will affect the therapeutic efficacy of RIT, as will
physiological factors such as the tumor vascularity, blood flow, and permeability [10,59]. Consistent
with decreased vessel density, elevated intratumoral pressure, and the presence of necrotic areas,
large tumors only display a very low uptake. A minimum value of tumor–antigen density is a
prerequisite for mAb/ADC efficacy [11]. In view of tumor properties influencing radiopharmaceutical
uptake and diffusion, great heterogeneity with regards to the occurrence of necrosis and expression of
CAIX was detected. Those properties were studied in different sized-tumors and resulted in decreased
availability of the antigen when the tumor volume was large. In addition, the poor vascularization
could influence the reachability of the target and thus the tumor uptake.

We show that, the transportation of therapeutic activities to the tumor tissue by cG250 was
influenced by several factors. Thus, an optimization of the radiolabeling and BFC/mAb ratio along
with an optimized protein dose is important to be able to preferentially target small and homogeneous
CAIX expressing tumors. An inverse relationship between the tumor volume and tumor uptake
was found. Tumors smaller than 20 mm3 and larger than 200 mm3 mostly developed necrosis
after six weeks of tumor growth. In addition, after four weeks of tumor growth variation in the
tumor volume increased because the growth of the tumor size among the animals was very different.
This resulted in dispersed %ID/g values in the animal experiments and resulted in the interpretation
of the results being difficult. Heterogeneous expression of the CAIX antigen and necrosis resulted in
lower tumor uptake. In particular, large tumor sizes are not ideal targets. However, investigations
targeting small tumor cell clusters are typically not directly possible, due to the difficulties of detection
within the organism. Therefore, we conclude that specific activities of 2–10 MBq/ug and antibody
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amounts of 5–30 µg per mouse are optimal to investigate [177Lu]cG250-mediated therapies regarding
differently accessible target cells and to optimize repeated application schemes.

4. Materials and Methods

4.1. Preparation of cG250 Conjugates

cG250 was provided by the company Wilex (Munich, Germany). Isothiocyanate-benzyl-DOTA
(p-SCN-βn-DOTA) was purchased from Macrocyclics (Dallas, TX). cG250 (5 mg) was mixed with
p-SCN-Bn-DOTA (2.5 mg) in 50 µL of sodium bicarbonate buffer (1 M NaHCO3) following the
previously described protocol [49]. The mixture was incubated at 37 ◦C for 30, 60, and 90 min
using a thermomixer to obtain conjugates with different BFC molar ratios per molecule of mAb.
The mixture was purified by filtration–centrifugation using a Millipore centrifugal device YM-10
(10,000 MW cut off, Millipore). The sample was centrifuged (4000 g × 5 min) at 4 ◦C to remove the
unreacted BFC and buffer exchange the conjugation into a saline solution (NaCl 0.9%) using five
volumes of NaCl 0.9%. Postpurification, the samples were transferred to Eppendorf vials (2 mL)
previously weighted and labeled C2 (90 min), C3–C5 (60 min), and C7 (30 min). The concentration of
the conjugates were determined by ultraviolet spectroscopy (UV) using 1.4 mL/mg/cm as extinction
coefficient (Nanovue-GE Healthcare Life Sciences).

The purified fraction was analyzed by SE-HPLC/UV using a G3000 column (7.5× 300 mm, 10 µm,
Waters). The samples were prepared in triplicate for each of the conjugates (0.05 µg/mL) and measured
at 280 nm with a flow rate of 0.5 mL/L of 0.9% NaCl (Dionex, P680 HPLC pump, UVD1704 detector).
The spectra were evaluated by the software Chromeleon from Dionex (Chromeleon 6.8 SR13 Build
3967 Version). The native cG250 was used as a reference in all cases. The elution time of the peaks of
the conjugate were compared with the native cG250.

The conjugates were also analyzed by electrophoresis SDS-PAGE using 10% gel. The native cG250
and conjugated samples were incubated with a sample buffer (0.125 M Tris-HCl pH 6.8, 4% (w/v) SDS,
10% (v/v) glycerol, 0.01% bromophenol blue, 40 mM DTT) and heated at 95 ◦C for 5 min following
the protocol by Laemmli [64]. The electrophoresis was run at a constant voltage of 100 mV (Hoefer
SE250 Mini-Vertical gel Electrophoresis unit, USA). The visualization of the light chain (LC) and heavy
chain (HC) bands were performed by Coomassie blue G-250 al 0.05% (Merck) blue-stained [65] and
analyzed with ChemiDoc XL Imager (Bio Rad) by Image Lab Software 5.2.1 (Bio Rad). Precision Plus™
Protein Unstained (10–25 kDa, BioRad) was used as a MW marker.

4.2. Characterization by Mass Spectrometry

Prior to the mass spectrometric identification by LC–MS/MS, HC, and LC bands were excised and
in-gel digested to generate the peptides as previously described [66]. Extracted peptides were loaded
onto a precolumn (PepMap C18, 5 µm, 300 A, 300 µm × 15 mm length) at a flow rate of 20 µL/min
with solvent A (0.1% formic acid in water/acetonitrile 98:2) with an Ultimate-3000 (ThermoFisher,
Reinach, Switzerland), thereafter eluted in back flush mode onto the analytical nanocolumn (C18, 5 µm,
300A, 0.075 mm i.d., × 150 mm length) using an acetonitrile gradient of 5 to 40% of solvent B (0.1%
formic acid in water/acetonitrile 4.9:95) in 40 min at a flow rate of 400 nL/min. The column effluent
was directly coupled to a Fusion LUMOS mass spectrometer (ThermoFischer, Bremen; Germany) via a
nanospray ESI source. Data was acquired in data-dependent mode with precursor ion scans recorded
in the Orbitrap at a resolution of 120,000 (at m/z = 250), which is parallel to the top speed of the
fragment spectra of the most intense precursor ions in the linear trap, for a maximum cycle time of 3 s.
Peptides were fragmented in parallel by high-energy collision and electron transfer.

The fragment spectra acquired by LC–MS/MS were converted to a mascot generic file format
(mgf) by ProteomeDiscoverer 2.0 (ThermoFisher Scientific) and interpreted with Easyprot (version 2.3)
searching against the SwissProt human protein sequence database (version 2014_01) including
the sequence of native cG250 using fixed modification of carbamidomethylation on cysteine
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(Cys, C), variable modifications of oxidation on methionine (Met, M), deamidation on glutamine
(Gln, Q)/asparagine(Asn, N), and DOTA on K residues and on protein N-Terminus, respectively.
A forward + reversed sequence database search was used to estimate the false discovery rate.
Parent and fragment mass tolerances were set to 10 ppm and 0.4 Da, respectively. Protein identifications
were only accepted, when two unique peptides fulfilling the 1% false discovery rate (FDR) criteria
were identified. Furthermore, the occupancy of K residues with DOTA modification were calculated
by MaxQuant (version 1.5.0.0) using peptide intensities and the search parameter settings as used for
EasyProt. Mass spectrometry sequencing data was acquired at the Proteomics and Mass Spectrometry
Core Facility, Department for Biomedical Research (DBMR), University of Bern, Switzerland.

The determination of the MW and the average number of BFC groups attached to each mAb
molecule was performed by MALDI-TOF-MS. Samples were injected on an Autoflex III Smartbeam
instrument (Bruker Daltonics, Bremen, Germany). An analysis was performed in the linear mode
with a positive polarity, and a mass range of 200 kDa. Conjugated cG250 solution was diluted (1:10)
with saturated α-cyano-4-hydroxycinnamic acid (CHCA, MW 189.04 Da) solution. Data acquisition
and processing was performed by flexAnalysis software (Built 75, version 3.3). MALDI-TOF mass
spectra data was obtained at the mass spectrometry group, Department of Chemistry and Biochemistry,
University of Bern, Switzerland.

4.3. Cell Culture

The human kidney carcinoma cell lines, SK-RC-52 and SK-RC-18, were kindly provided by
Dr. Weis-Garcia from Memorial Sloan Kettering Cancer Centre (MSKCC, New York, USA). SK-RC-52
is a CAIX-expressing human RCC cell line derived from mediastinum and SK-RC-18 is derived from
lymph node cells, negative for CAIX [39]. The cells were cultured in RPMI medium (Life Technologies)
supplemented with 10% fetal calf serum (FCS), 100 IU/ml of penicillin and 100 µg/ mL of streptomycin
at 37 ◦C in a humidified atmosphere with 5% CO2.

4.4. Flow Cytometric Analysis

The Abs were briefly diluted in 100 µL of fluorescence-activated cell sorting (FACS) buffer
(Dulbecco’s phosphate buffered saline with 0.2% bovine serum albumin, BSA) in concentrations
ranging from 3 ng/mL to 100 µg/mL, or as otherwise indicated. The mAb dilutions were mixed with
105 cells and incubated for 60 min at 37 ◦C. Subsequently, the cells were washed three times with a
FACS buffer and incubated with a R-Phycoerythrin AffiniPure F(ab’)2 Fragment Goat Anti-Human
IgG + IgM (H + L) (Jackson Immunoresearch) for 30 min at 4 ◦C in the dark. Next, the samples were
washed and resuspended in the FACS buffer for analysis. An IgG1 from myeloma (Sigma) was used as
an isotype control to define the threshold of the background staining. The analysis was carried out
on a FACSVerse (BD Biosciences, San Jose, CA, USA). The data was analyzed by FlowJo (Tree Star,
Ashland, OR, USA). The flow cytometry analysis was performed at the Institute of Pharmacology
(PKI), University of Bern, Switzerland.

4.5. Radiolabeling, Quality Control, and Radiostability

DOTA(SCN)-cG250 conjugates were labeled with 177Lu (>500 GBq/mg, IDB Holland) in an
ammonium acetate buffer, pH 5.5–6.5, at 37 ◦C for 90 min as described previously [49]. All solutions
used for the labeling were prepared with metal-free water and filtered using 0.22 µm filters (Millipore).
Conjugates with different specific activities were obtained by labeling 100 µg of protein with 177Lu
activities (0.05 M HCl) from 0.1 to 3 GBq. The reaction was stopped after 90 minutes by adding
diethylene triamine pentaacetic acid (DTPA, 10 mM) and incubation at 37 ◦C for another 30 min.
The radioconstructs were purified by size exclusion (SE) using a PD 10 column and 1% HSA in PBS.
ITLC was performed using a silica gel (SG 1.5 × 10 cm, Varian) as stationary phase and 20 mM of
DTPA as a mobile phase (Raytest, MiniGita Firm, ver. 1.10). The chromatograms were evaluated by
Gina Star TLC software (ver. 5.0.1 Rel 2). Purified radioconstructs were diluted with human serum,
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20% of HSA and PBS in order to simulate in vivo conditions. The stability of the radioconstructs at
different specific activities was studied in the presence or absence of sodium ascorbate at 37 ◦C.

4.6. Radioactivity Binding Assay

The binding assay was performed in triplicate using 200 µL of SK-RC-52 and SK-RC-18 cells. As a
control, nonspecific binding was carried out incubating 500 µg of the native cG250 with the SK-RC-52
cell for 5 min before the addition of the radioconstruct. The radiocontructs were diluted in HSA/PBS
to 5 × 10−2 µg/mL and 10 µL of the radiolabeled mAb was added to the cells and incubated at 37 ◦C
for 1 h. After incubation, the cell pellets were washed twice with 1% HSA/PBS, centrifuged (400× g,
5 min) and measured by an automatic gamma counter (WIZARD2, PerkinElmer). The pellets were
then treated with a stripping buffer (0.1 M CH3COOH, 0.15 M NaCl, PBS, pH = 3) to determine the
percentage of internalization.

4.7. Animals

3 × 106 SK-RC-52 cells in 100 µL PBS were injected subcutaneously into the right flank
of 6–8 week old male BALB/c nu/nu mice (Janvier, le Genest-Saint-Isle, FR). Two different
dimensions (length and width) of tumor size were measured at least twice a week with a caliper.
The tumor volume was calculated using the equation: V = (π/6)*(higher diameter)*(lower diameter)2.
All animal experiments were performed in accordance with German law and guidelines for care
and use of laboratory animals. The experiments were approved by the competent authority
(Landesuntersuchungsamt Rheinland-Pfalz, Germany; according to §8 Abs. 1 Tierschutzgesetz;
permission no. 23177-07/G15-1-033).

4.8. Immunohistochemical Analysis (IHC)

Tissue samples of the stomach, liver, gallbladder, spleen, and tumor were collected and divided
into two parts. One part of the tissue sample was fixed in a formaldehyde solution at 4% and
embedded in paraffin (FFPE). The other remaining tissue sample was embedded in OCT (Tissue-Tek®)
and frozen at −80 ◦C. The samples were transported to the Translational Research Unit (TRU)
at the Pathology Institute, University of Bern, Switzerland to perform the immunohistochemical
analysis (IHC). The samples were cut to 3 µm thickness and IHC analysis was carried out in the
automated system BOND RX (Leica Biosystems, Newcastle, UK). FFPE sections were deparaffinized
and rehydrated in a dewax solution (Leica Biosystems) and the antigen was retrieved by heating in a
citrate buffer solution (pH = 6.5) at 95 ◦C for 20 min. Endogenous peroxidase activity was blocked with
a H2O2 solution for 4 min. Carbonic anhydrase rabbit polyclonal Ab (Abcam, ab15086) was incubated
at 1:1500 dilution for 30 min at room temperature. This Ab was used to validate the native and
conjugated cG250. Hypoxia-inducible factor 1 (HIF-1) rabbit polyclonal Ab (Genetex, GTX127309) was
diluted at 1:1000 and incubated for 30 min to confirm the hypoxia conditions into the tumor. The CD31
rabbit polyclonal Ab, (Abcam, ab28364) was diluted at a 1:30 dilution and incubated for 2 h to detect
the endothelial cells from blood vessels to show extent of vascularization of the tumors. The frozen
samples were fixed in acetone for 15 min at −20 ◦C and then air-dried. The samples were incubated
with native and conjugated cG250 at a 1:1000 dilution for 30 min and subsequently the secondary
rabbit anti-human Ab (Dako, P0214) was used at a 1:400 dilution for 15 min. As a negative control,
the same tissue samples were incubated in parallel with only a secondary rabbit anti-human Ab.

All the samples were visualized with the Bond Polymer Refine Kit with 3-3′-Diaminobenzidine-DAB
as the chromogen (Leica Biosystems). The samples were then counterstained with hematoxylin and
mounted in Aquatex (Merck, Darmstadt, Germany). Finally, all slides were scanned and photographed in
a Pannoramic P250 scanner (3DHistech, Hungary). By using ImageJ, the vascular density through CD31
expression was quantified for each tumor sample as a percentage of the CD31-positive microvessel area
to the total tumor area (CD31 area/total tumor area) as previously described [67].
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4.9. Biodistribution

After 4 to 6 weeks of tumor growth, groups of four mice were injected intravenously (I.V.) via the
tail vein with 12 MBq of [177Lu]DOTA(SCN)-cG250 with adjusted protein doses with native cG250
from 5 to 100 µg. The animals were sacrificed at 48 h post injection and the organs were collected.
To determine differences in pharmacokinetics and its influence on tumor uptake at very low protein
doses (n, groups of four animals were injected with 0.5 µg (2 MBq) and 5 µg (18 MBq) at a fixed
specific activity of 3 MBq/µg and biodistribution was determined after 24 h and 96 h. Blood samples
were collected, mixed with a 100 µL heparin solution to avoid coagulation, weighed, and the activity
measured with a gamma counter. After the addition of 500 µL of PBS, the blood was centrifuged
at 7500 rpm for 5 min to separate blood cells and plasma. The plasma fractions were weighed and
measured with a gamma counter. Proteins were precipitated by adding 500 µL of acetonitrile and
separated by centrifugation at 7500 rpm for 5 min. The supernatants were weighed followed by the
determination of the activity with a gamma counter. The percentage of radioactivity in the blood cell
was calculated by subtracting the activities of the supernatant from the activity of the whole blood.
In all the experiments the percentage of incorporated doses (%ID/g) was calculated by the weight of
the organs and the measurements by gamma counter (WIZARD2, PerkinElmer).

4.10. Statistical Analysis

All statistical analyses were performed using the program GraphPad Prism (version 6.0).
The one-way ANOVA was used for the comparison between the conjugates by FACS, and radioactivity
curves and blocking in vivo experiments. Two-way ANOVA was used to compare the groups at
different specific activities and different stability conditions. Differences were considered to be
statistically significant at a level of p < 0.05. The %ID/g in the biodistribution studies were presented
with the average of the same group of animals and their standard deviation.
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Ab antibody
ADC antibody drug conjugate
Asn, N asparagine amino residues
BM biomolecule
BFC bifunctional chelator
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BSA bovine serum albumin
CAIX carbonic anhydrase IX
cG250 monoclonal antibody anti-CAIX, girentuximab
Cys, C cysteine amino residues
CDR complementarity-determining regions
CHCA hydroxycinnamic acid
CD31 cluster of differentiation 31, endotelial cells marker
DOTA tetraxetan or 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid
DOTA(SCN) p-SCN-Bn-DOTA or S-2-(4-Isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane tetraacetic acid
DTPA pentetic acid or diethylenetriaminepentaacetic acid
DTT dithiothreitol
DCB Department of Chemistry and Biochemistry, University of Bern, Switzerland
DBMR Department for Biomedical Research, University of Bern, Switzerland
d day
EDTA ethylenediaminetetraacetic acid
ESI electrospray ionization
FDR false discovery rate
FFPE formalin-fixed paraffin-embedded
FACS fluorescence-activated cell sorting applied in flow cytometry
FCS fetal calf serum
FT Fourier transform
Fac formic acid
Gln, Q glutamine amino residues
HC heavy chain of immunoglobulin
HIF-1 hypoxia-inducible factor 1
HSA human serum albumin
HS human serum
HNSCC head and neck squamous cell carcinomas (HNSCC)
h hour
HPLC high-performance liquid chromatography
Ig immunoglobulin
IC50 concentration of an inhibitor where the response (or binding) is reduced by half
IHC immunohistochemistry
ICC immunocytochemistry
ITLC instant thin layer chromatography
ID injected dose
i.v. intravenously
LET linear energy transfer
LC light chain of immunoglobulin
LC liquid chromatography
Lys, K lysine amino residues
LRC Laboratory of Radiochemistry, Paul Scherrer Institute, Villigen PSI, Switzerland
mAb monoclonal antibody
MBq megabecquerel
Met, M methionine amino residues
MALDI matrix assisted laser desorption/ionization–mass spectrometry
MS mass spectrometry
MW molecular weight or mass
mgf mascot generic file format
MSKCC Memorial Sloan Kettering Cancer Centre, New York, USA
min minute
NaAsc sodium ascorbate
NaCl saline solution
NHL non-Hodgkin’s lymphoma
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NHS N-hydroxysuccinimide
OCT optimum cutting temperature
PKM pharmacokinetic modifying linker
PK pharmacokinetics
PET positron emission tomography
PBS phosphate buffer saline
ppm parts per million (chemical shift)
PSI Paul Scherrer Institute, Villigen PSI, Switzerland
PKI Institute of Pharmacology, University of Bern, Switzerland
RIT radioimmunotherapy
RCCs renal cell carcinomas
RCP radiochemical purity
Rf retardation factor
RPMI Roswell Park Memorial Institute medium
RPM revolutions per minute
SEC size exclusion chromatography
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
SCN isothiocyanate
SG silica gel
t1/2 half-life
Tyr,Y tyrosine amino residues
TOF time of flight
TFA trifluoroacetic acid
TRU Translational Research Unit, University of Bern, Switzerland
Tris hydroxymethylaminomethane
UV ultraviolet

References

1. Fleuren, E.D.; Versleijen-Jonkers, Y.M.; Heskamp, S.; van Herpen, C.M.; Oyen, W.J.; van der Graaf, W.T.; Boerman, O.C.
Theranostic applications of antibodies in oncology. Mol. Oncol. 2014, 8, 799–812. [CrossRef] [PubMed]

2. Brouwers, A.H.; van Eerd, J.E.; Frielink, C.; Oosterwijk, E.; Oyen, W.J.; Corstens, F.H.; Boerman, O.C.
Optimization of radioimmunotherapy of renal cell carcinoma: Labeling of monoclonal antibody cG250 with
131I, 90Y, 177Lu, or 186Re. J. Nucl. Med. 2004, 45, 327–337. [PubMed]

3. Thakral, P.; Singla, S.; Yadav, M.P.; Vasisht, A.; Sharma, A.; Gupta, S.K.; Bal, C.S.; Malhotra, A. An approach
for conjugation of (177) Lu-DOTA-SCN-Rituximab (BioSim) & its evaluation for radioimmunotherapy of
relapsed & refractory B-cell non Hodgkins lymphoma patients. Indian J. Med. Res. 2014, 139, 544–554. [PubMed]

4. Kennel, S.J.; Brechbiel, M.W.; Milenic, D.E.; Schlom, J.; Mirzadeh, S. Actinium-225 conjugates of MAb CC49
and humanized delta CH2CC49. Cancer Biother. Radiopharm. 2002, 17, 219–231. [CrossRef] [PubMed]

5. Zalutsky, M.R.; Reardon, D.A.; Akabani, G.; Coleman, R.E.; Friedman, A.H.; Friedman, H.S.; McLendon, R.E.;
Wong, T.Z.; Bigner, D.D. Clinical experience with alpha-particle emitting 211At: Treatment of recurrent brain tumor
patients with 211At-labeled chimeric antitenascin monoclonal antibody 81C6. J. Nucl. Med. 2008, 49, 30–38. [CrossRef]
[PubMed]

6. White, C.A. Rituxan immunotherapy and zevalin radioimmunotherapy in the treatment of non-Hodgkin’s
lymphoma. Curr. Pharm. Biotechnol. 2003, 4, 221–238. [CrossRef] [PubMed]

7. Witzig, T.E.; Wiseman, G.A.; Maurer, M.J.; Habermann, T.M.; Micallef, I.N.; Nowakowski, G.S.; Ansell, S.M.;
Colgan, J.P.; Inwards, D.J.; Porrata, L.F.; et al. A phase I trial of immunostimulatory CpG 7909 oligodeoxynucleotide
and 90 yttrium ibritumomab tiuxetan radioimmunotherapy for relapsed B-cell non-Hodgkin lymphoma.
Am. J. Hematol. 2013, 88, 589–593. [CrossRef] [PubMed]

8. Shadman, M.; Li, H.; Rimsza, L.; Leonard, J.P.; Kaminski, M.S.; Braziel, R.M.; Spier, C.M.; Gopal, A.K.; Maloney, D.G.;
Cheson, B.D.; et al. Continued Excellent Outcomes in Previously Untreated Patients With Follicular Lymphoma
After Treatment With CHOP Plus Rituximab or CHOP Plus 131I-Tositumomab: Long-Term Follow-Up of Phase III
Randomized Study SWOG-S0016. J. Clin. Oncol. 2018, 36, 697–703. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.molonc.2014.03.010
http://www.ncbi.nlm.nih.gov/pubmed/24725480
http://www.ncbi.nlm.nih.gov/pubmed/14960657
http://www.ncbi.nlm.nih.gov/pubmed/24927340
http://dx.doi.org/10.1089/108497802753773847
http://www.ncbi.nlm.nih.gov/pubmed/12030116
http://dx.doi.org/10.2967/jnumed.107.046938
http://www.ncbi.nlm.nih.gov/pubmed/18077533
http://dx.doi.org/10.2174/1389201033489801
http://www.ncbi.nlm.nih.gov/pubmed/14529425
http://dx.doi.org/10.1002/ajh.23460
http://www.ncbi.nlm.nih.gov/pubmed/23619698
http://dx.doi.org/10.1200/JCO.2017.74.5083
http://www.ncbi.nlm.nih.gov/pubmed/29356608


Pharmaceuticals 2018, 11, 132 23 of 26

9. Ray Banerejee, S.; Kumar, V.; Lisok, A.; Plyku, D.; Novakova, Z.; Wharram, B.; Brummet, M.; Barinka, C.;
Hobbs, R.F.; Pomper, M.G. Evaluation of (111)In-DOTA-5D3, a Surrogate SPECT Imaging Agent for
Radioimmunotherapy of Prostate-Specific Membrane Antigen. J. Nucl. Med. 2018. [CrossRef] [PubMed]

10. Stillebroer, A.B.; Oosterwijk, E.; Oyen, W.J.; Mulders, P.F.; Boerman, O.C. Radiolabeled antibodies in renal
cell carcinoma. Cancer Imaging 2007, 7, 179–188. [CrossRef] [PubMed]

11. Diamantis, N.; Banerji, U. Antibody-drug conjugates—An emerging class of cancer treatment. Br. J. Cancer
2016, 114, 362. Available online: https://www.nature.com/articles/bjc2015435#supplementary-information
(accessed on 1 October 2018). [CrossRef] [PubMed]

12. Reichert, J.M.; Valge-Archer, V.E. Development trends for monoclonal antibody cancer therapeutics. Nat. Rev.
Drug Discov. 2007, 6, 349. [CrossRef] [PubMed]

13. Sharkey, R.M.; Goldenberg, D.M. Perspectives on Cancer Therapy with Radiolabeled Monoclonal Antibodies.
J. Nucl. Med. 2005, 46, 115S–127S. [PubMed]

14. Sands, H.; Jones, P.L.; Shah, S.A.; Palme, D.; Vessella, R.L.; Gallagher, B.M. Correlation of vascular
permeability and blood flow with monoclonal antibody uptake by human Clouser and renal cell xenografts.
Cancer Res. 1988, 48, 188–193. [PubMed]

15. Chakrabarti, M.C.; Le, N.; Paik, C.H.; De Graff, W.G.; Carrasquillo, J.A. Prevention of radiolysis of monoclonal
antibody during labeling. J. Nucl. Med. 1996, 37, 1384–1388. [PubMed]

16. Macey, D.J.; Meredith, R.F. A strategy to reduce red marrow dose for intraperitoneal radioimmunotherapy.
Clin. Cancer Res. 1999, 5, 3044s–3047s. [PubMed]

17. Read, E.D.; Eu, P.; Little, P.J.; Piva, T.J. The status of radioimmunotherapy in CD20+ non-Hodgkin’s
lymphoma. Target Oncol. 2014. [CrossRef] [PubMed]

18. Wilder, R.B.; DeNardo, G.L.; DeNardo, S.J. Radioimmunotherapy: Recent results and future directions.
J. Clin. Oncol. 1996, 14, 1383–1400. [CrossRef] [PubMed]

19. IAEA. Comparative Evaluation of Therapeutic Radiopharmaceuticals; International Atomic Energy Agency:
Vienna, Austria, 2007; Available online: https://www-pub.iaea.org/MTCD/publications/PDF/TRS458_
web.pdf (accessed on 28 November 2018).

20. Dash, A.; Pillai, M.R.; Knapp, F.F., Jr. Production of (177)Lu for Targeted Radionuclide Therapy:
Available Options. Nucl. Med. Mol. Imaging 2015, 49, 85–107. [CrossRef] [PubMed]

21. Stimmel, J.B.; Kull, F.C. Samarium-153 and Lutetium-177 Chelation Properties of Selected Macrocyclic and
Acyclic Ligands. Nucl. Med. Biol. 1998, 25, 117–125. [CrossRef]

22. Yordanov, A.T.; Hens, M.; Pegram, C.; Bigner, D.D.; Zalutsky, M.R. Antitenascin antibody 81C6 armed with
177Lu: In vivo comparison of macrocyclic and acyclic ligands. Nucl. Med. Biol. 2007, 34, 173–183. [CrossRef]
[PubMed]

23. Kang, C.S.; Sun, X.; Jia, F.; Song, H.A.; Chen, Y.; Lewis, M.; Chong, H.-S. Synthesis and Preclinical
Evaluation of Bifunctional Ligands for Improved Chelation Chemistry of 90Y and 177Lu for Targeted
Radioimmunotherapy. Bioconjug. Chem. 2012, 23, 1775–1782. [CrossRef] [PubMed]

24. Hens, M.; Vaidyanathan, G.; Zhao, X.G.; Bigner, D.D.; Zalutsky, M.R. Anti-EGFRvIII monoclonal antibody
armed with 177Lu: In vivo comparison of macrocyclic and acyclic ligands. Nucl. Med. Biol. 2010, 37, 741–750.
[CrossRef] [PubMed]

25. Liu, S.; Edwards, D.S. Bifunctional chelators for therapeutic lanthanide radiopharmaceuticals. Bioconjug. Chem. 2001,
12, 7–34. [CrossRef] [PubMed]

26. Milenic, D.E.; Garmestani, K.; Chappell, L.L.; Dadachova, E.; Yordanov, A.; Ma, D.; Schlom, J.; Brechbiel, M.W.
In vivo comparison of macrocyclic and acyclic ligands for radiolabeling of monoclonal antibodies with
177Lu for radioimmunotherapeutic applications. Nucl. Med. Biol. 2002, 29, 431–442. [CrossRef]

27. Liu, S. The role of coordination chemistry in the development of target-specific radiopharmaceuticals. Chem. Soc. Rev.
2004, 33, 445–461. [CrossRef] [PubMed]

28. Liu, S. Bifunctional coupling agents for radiolabeling of biomolecules and target-specific delivery of metallic
radionuclides. Adv. Drug Deliv. Rev. 2008, 60, 1347–1370. [CrossRef] [PubMed]

29. Grunberg, J.; Jeger, S.; Sarko, D.; Dennler, P.; Zimmermann, K.; Mier, W.; Schibli, R. DOTA-functionalized
polylysine: A high number of DOTA chelates positively influences the biodistribution of enzymatic
conjugated anti-tumor antibody chCE7agl. PLoS ONE 2013, 8, e60350. [CrossRef] [PubMed]

30. Garnett, M.C. Targeted drug conjugates: Principles and progress. Adv. Drug Deliv. Rev. 2001, 53, 171–216.
[CrossRef]

http://dx.doi.org/10.2967/jnumed.118.214403
http://www.ncbi.nlm.nih.gov/pubmed/30237212
http://dx.doi.org/10.1102/1470-7330.2007.0025
http://www.ncbi.nlm.nih.gov/pubmed/18055291
https://www.nature.com/articles/bjc2015435#supplementary-information
http://dx.doi.org/10.1038/bjc.2015.435
http://www.ncbi.nlm.nih.gov/pubmed/26742008
http://dx.doi.org/10.1038/nrd2241
http://www.ncbi.nlm.nih.gov/pubmed/17431406
http://www.ncbi.nlm.nih.gov/pubmed/15653660
http://www.ncbi.nlm.nih.gov/pubmed/3334993
http://www.ncbi.nlm.nih.gov/pubmed/8708780
http://www.ncbi.nlm.nih.gov/pubmed/10541341
http://dx.doi.org/10.1007/s11523-014-0324-y
http://www.ncbi.nlm.nih.gov/pubmed/24870968
http://dx.doi.org/10.1200/JCO.1996.14.4.1383
http://www.ncbi.nlm.nih.gov/pubmed/8648397
https://www-pub.iaea.org/MTCD/publications/PDF/TRS458_web.pdf
https://www-pub.iaea.org/MTCD/publications/PDF/TRS458_web.pdf
http://dx.doi.org/10.1007/s13139-014-0315-z
http://www.ncbi.nlm.nih.gov/pubmed/26085854
http://dx.doi.org/10.1016/S0969-8051(97)00151-0
http://dx.doi.org/10.1016/j.nucmedbio.2006.11.003
http://www.ncbi.nlm.nih.gov/pubmed/17307125
http://dx.doi.org/10.1021/bc200696b
http://www.ncbi.nlm.nih.gov/pubmed/22881720
http://dx.doi.org/10.1016/j.nucmedbio.2010.04.020
http://www.ncbi.nlm.nih.gov/pubmed/20870149
http://dx.doi.org/10.1021/bc000070v
http://www.ncbi.nlm.nih.gov/pubmed/11170362
http://dx.doi.org/10.1016/S0969-8051(02)00294-9
http://dx.doi.org/10.1039/b309961j
http://www.ncbi.nlm.nih.gov/pubmed/15354226
http://dx.doi.org/10.1016/j.addr.2008.04.006
http://www.ncbi.nlm.nih.gov/pubmed/18538888
http://dx.doi.org/10.1371/journal.pone.0060350
http://www.ncbi.nlm.nih.gov/pubmed/23565233
http://dx.doi.org/10.1016/S0169-409X(01)00227-7


Pharmaceuticals 2018, 11, 132 24 of 26

31. Hermanson, G.T. Chapter 3—The Reactions of Bioconjugation. In Bioconjugate Techniques, 3rd ed.; Academic Press:
Boston, MA, USA, 2013; pp. 229–258. [CrossRef]

32. Rana, T.M.; Meares, C.F. N-terminal modification of immunoglobulin polypeptide chains tagged with
isothiocyanato chelates. Bioconjug. Chem. 1990, 1, 357–362. [CrossRef] [PubMed]

33. Oosterwijk, E.; Ruiter, D.J.; Hoedemaeker, P.J.; Pauwels, E.K.; Jonas, U.; Zwartendijk, J.; Warnaar, S.O.
Monoclonal antibody G 250 recognizes a determinant present in renal-cell carcinoma and absent from
normal kidney. Int. J. Cancer 1986, 38, 489–494. [CrossRef] [PubMed]

34. Zatovicova, M.; Jelenska, L.; Hulikova, A.; Csaderova, L.; Ditte, Z.; Ditte, P.; Goliasova, T.; Pastorek, J.;
Pastorekova, S. Carbonic anhydrase IX as an anticancer therapy target: Preclinical evaluation of internalizing
monoclonal antibody directed to catalytic domain. Curr. Pharm. Des. 2010, 16, 3255–3263. [CrossRef]
[PubMed]

35. Oosterwijk-Wakka, J.C.; Boerman, O.C.; Mulders, P.F.; Oosterwijk, E. Application of monoclonal antibody
G250 recognizing carbonic anhydrase IX in renal cell carcinoma. Int. J. Mol. Sci 2013, 14, 11402–11423.
[CrossRef] [PubMed]

36. Zatovicova, M.; Jelenska, L.; Hulikova, A.; Ditte, P.; Ditte, Z.; Csaderova, L.; Svastova, E.; Schmalix, W.;
Boettger, V.; Bevan, P.; et al. Monoclonal antibody G250 targeting CA: Binding specificity, internalization and
therapeutic effects in a non-renal cancer model. Int. J. Oncol. 2014, 45, 2455–2467. [CrossRef] [PubMed]

37. Oosterwijk, E.; Ruiter, D.J.; Wakka, J.C.; Huiskens-van der Meij, J.W.; Jonas, U.; Fleuren, G.J.; Zwartendijk, J.;
Hoedemaeker, P.; Warnaar, S.O. Immunohistochemical analysis of monoclonal antibodies to renal antigens.
Application in the diagnosis of renal cell carcinoma. Am. J. Pathol. 1986, 123, 301–309. [PubMed]

38. Ivanov, S.; Liao, S.-Y.; Ivanova, A.; Danilkovitch-Miagkova, A.; Tarasova, N.; Weirich, G.; Merrill, M.J.;
Proescholdt, M.A.; Oldfield, E.H.; Lee, J.; et al. Expression of Hypoxia-Inducible Cell-Surface Transmembrane
Carbonic Anhydrases in Human Cancer. Am. J. Pathol. 2001, 158, 905–919. [CrossRef]

39. Muselaers, C.H.; Boerman, O.C.; Oosterwijk, E.; Langenhuijsen, J.F.; Oyen, W.J.; Mulders, P.F. Indium-111-labeled
girentuximab immunoSPECT as a diagnostic tool in clear cell renal cell carcinoma. Eur. Urol. 2013, 63, 1101–1106.
[CrossRef] [PubMed]

40. Kaluz, S.; Kaluzová, M.; Liao, S.-Y.; Lerman, M.; Stanbridge, E.J. Transcriptional control of the tumor- and
hypoxia-marker carbonic anhydrase 9: A one transcription factor (HIF-1) show? Biochim. Biophys. Acta (BBA)
Rev. Cancer 2009, 1795, 162–172. [CrossRef] [PubMed]

41. Ivanov, S.V.; Kuzmin, I.; Wei, M.-H.; Pack, S.; Geil, L.; Johnson, B.E.; Stanbridge, E.J.; Lerman, M.I.
Down-regulation of transmembrane carbonic anhydrases in renal cell carcinoma cell lines by wild-type von
Hippel-Lindau transgenes. Proc. Natl. Acad. Sci. USA 1998, 95, 12596–12601. [CrossRef] [PubMed]

42. Grabmaier, K.; de Weijert, M.C.A.; Verhaegh, G.W.; Schalken, J.A.; Oosterwijk, E. Strict regulation of
CAIXG250/MN by HIF-1α in clear cell renal cell carcinoma. Oncogene 2004, 23, 5624. [CrossRef] [PubMed]

43. Chamie, K.; Donin, N.M.; Klopfer, P.; Bevan, P.; Fall, B.; Wilhelm, O.; Storkel, S.; Said, J.; Gambla, M.;
Hawkins, R.E.; et al. Adjuvant Weekly Girentuximab Following Nephrectomy for High-Risk Renal Cell
Carcinoma: The ARISER Randomized Clinical Trial. JAMA Oncol. 2017, 3, 913–920. [CrossRef] [PubMed]

44. Cheal, S.M.; Punzalan, B.; Doran, M.G.; Evans, M.J.; Osborne, J.R.; Lewis, J.S.; Zanzonico, P.; Larson, S.M.
Pairwise comparison of 89Zr- and 124I-labeled cG250 based on positron emission tomography imaging and
nonlinear immunokinetic modeling: In vivo carbonic anhydrase IX receptor binding and internalization
in mouse xenografts of clear-cell renal cell carcinoma. Eur. J. Nucl. Med. Mol. Imaging 2014, 41, 985–994.
[CrossRef] [PubMed]

45. Huizing, F.J.; Hoeben, B.A.W.; Franssen, G.; Lok, J.; Heskamp, S.; Oosterwijk, E.; Boerman, O.C.; Bussink, J.
Preclinical validation of (111)In-girentuximab-F(ab’)2 as a tracer to image hypoxia related marker CAIX
expression in head and neck cancer xenografts. Radiother. Oncol. 2017, 124, 521–525. [CrossRef] [PubMed]

46. Stillebroer, A.B.; Boerman, O.C.; Desar, I.M.; Boers-Sonderen, M.J.; van Herpen, C.M.; Langenhuijsen, J.F.;
Smith-Jones, P.M.; Oosterwijk, E.; Oyen, W.J.; Mulders, P.F. Phase 1 radioimmunotherapy study with lutetium
177-labeled anti-carbonic anhydrase IX monoclonal antibody girentuximab in patients with advanced renal
cell carcinoma. Eur. Urol. 2013, 64, 478–485. [CrossRef] [PubMed]

47. Muselaers, C.H.; Boers-Sonderen, M.J.; van Oostenbrugge, T.J.; Boerman, O.C.; Desar, I.M.; Stillebroer, A.B.;
Mulder, S.F.; van Herpen, C.M.; Langenhuijsen, J.F.; Oosterwijk, E.; et al. Phase 2 Study of Lutetium
177-Labeled Anti-Carbonic Anhydrase IX Monoclonal Antibody Girentuximab in Patients with Advanced
Renal Cell Carcinoma. Eur. Urol. 2016, 69, 767–770. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/B978-0-12-382239-0.00003-0pp
http://dx.doi.org/10.1021/bc00005a010
http://www.ncbi.nlm.nih.gov/pubmed/2129106
http://dx.doi.org/10.1002/ijc.2910380406
http://www.ncbi.nlm.nih.gov/pubmed/2428759
http://dx.doi.org/10.2174/138161210793429832
http://www.ncbi.nlm.nih.gov/pubmed/20819068
http://dx.doi.org/10.3390/ijms140611402
http://www.ncbi.nlm.nih.gov/pubmed/23759990
http://dx.doi.org/10.3892/ijo.2014.2658
http://www.ncbi.nlm.nih.gov/pubmed/25230982
http://www.ncbi.nlm.nih.gov/pubmed/3706491
http://dx.doi.org/10.1016/S0002-9440(10)64038-2
http://dx.doi.org/10.1016/j.eururo.2013.02.022
http://www.ncbi.nlm.nih.gov/pubmed/23453421
http://dx.doi.org/10.1016/j.bbcan.2009.01.001
http://www.ncbi.nlm.nih.gov/pubmed/19344680
http://dx.doi.org/10.1073/pnas.95.21.12596
http://www.ncbi.nlm.nih.gov/pubmed/9770531
http://dx.doi.org/10.1038/sj.onc.1207764
http://www.ncbi.nlm.nih.gov/pubmed/15184875
http://dx.doi.org/10.1001/jamaoncol.2016.4419
http://www.ncbi.nlm.nih.gov/pubmed/27787547
http://dx.doi.org/10.1007/s00259-013-2679-1
http://www.ncbi.nlm.nih.gov/pubmed/24604591
http://dx.doi.org/10.1016/j.radonc.2017.07.025
http://www.ncbi.nlm.nih.gov/pubmed/28789809
http://dx.doi.org/10.1016/j.eururo.2012.08.024
http://www.ncbi.nlm.nih.gov/pubmed/22980441
http://dx.doi.org/10.1016/j.eururo.2015.11.033
http://www.ncbi.nlm.nih.gov/pubmed/26706103


Pharmaceuticals 2018, 11, 132 25 of 26

48. Stillebroer, A.B.; Zegers, C.M.; Boerman, O.C.; Oosterwijk, E.; Mulders, P.F.; O’Donoghue, J.A.; Visser, E.P.;
Oyen, W.J. Dosimetric analysis of 177Lu-cG250 radioimmunotherapy in renal cell carcinoma patients:
Correlation with myelotoxicity and pretherapeutic absorbed dose predictions based on 111In-cG250 imaging.
J. Nucl. Med. 2012, 53, 82–89. [CrossRef] [PubMed]

49. Simon, J.; King, A.G.; Moreno, B.J.M. Methods for Generating Radioimmunoconjugates. U.S. Patents 9,603,954,
3 March 2017.

50. Nakamura, T.; Kawai, Y.; Kitamoto, N.; Osawa, T.; Kato, Y. Covalent modification of lysine residues by allyl
isothiocyanate in physiological conditions: Plausible transformation of isothiocyanate from thiol to amine.
Chem. Res. Toxicol. 2009, 22, 536–542. [CrossRef] [PubMed]

51. Spicer, C.D.; Davis, B.G. Selective chemical protein modification. Nat. Commun. 2014, 5, 4740. [CrossRef]
[PubMed]

52. Forrer, F.; Chen, J.; Fani, M.; Powell, P.; Lohri, A.; Müller-Brand, J.; Moldenhauer, G.; Maecke, H.R.
In vitro characterization of 177Lu-radiolabelled chimeric anti-CD20 monoclonal antibody and a preliminary
dosimetry study. Eur. J. Nucl. Med. Mol. Imaging 2009, 36, 1443–1452. [CrossRef] [PubMed]

53. Price, E.W.; Edwards, K.J.; Carnazza, K.E.; Carlin, S.D.; Zeglis, B.M.; Adam, M.J.; Orvig, C.; Lewis, J.S.
A comparative evaluation of the chelators H4octapa and CHX-A”-DTPA with the therapeutic radiometal
90Y. Nucl. Med. Biol. 2016, 43, 566–576. [CrossRef] [PubMed]

54. Steffens, M.G.; Kranenborg, M.H.; Boerman, O.C.; Zegwaart-Hagemeier, N.E.; Debruyne, F.M.; Corstens, F.H.;
Oosterwijk, E. Tumor retention of 186Re-MAG3, 111In-DTPA and 125I labeled monoclonal antibody G250 in
nude mice with renal cell carcinoma xenografts. Cancer Biother. Radiopharm. 1998, 13, 133–139. [CrossRef]
[PubMed]

55. Oosterwijk, E.; Bander, N.H.; Divgi, C.R.; Welt, S.; Wakka, J.C.; Finn, R.D.; Carswell, E.A.; Larson, S.M.;
Warnaar, S.O.; Fleuren, G.J.; et al. Antibody localization in human renal cell carcinoma: A phase I study of
monoclonal antibody G250. J. Clin. Oncol. 1993, 11, 738–750. [CrossRef] [PubMed]

56. Muselaers, C.H.; Oosterwijk, E.; Bos, D.L.; Oyen, W.J.; Mulders, P.F.; Boerman, O.C. Optimizing lutetium
177-anti-carbonic anhydrase IX radioimmunotherapy in an intraperitoneal clear cell renal cell carcinoma
xenograft model. Mol. Imaging 2014, 13, 1–7. [CrossRef] [PubMed]

57. Oosterwijk-Wakka, J.C.; de Weijert, M.C.; Franssen, G.M.; Leenders, W.P.; van der Laak, J.A.; Boerman, O.C.;
Mulders, P.F.; Oosterwijk, E. Successful combination of sunitinib and girentuximab in two renal cell carcinoma
animal models: A rationale for combination treatment of patients with advanced RCC. Neoplasia 2015, 17, 215–224.
[CrossRef] [PubMed]

58. Semenza, G.L. Defining the role of hypoxia-inducible factor 1 in cancer biology and therapeutics. Oncogene
2010, 29, 625–634. [CrossRef] [PubMed]

59. Lucas, A.; Price, L.; Schorzman, A.; Storrie, M.; Piscitelli, J.; Razo, J.; Zamboni, W. Factors Affecting the
Pharmacology of Antibody–Drug Conjugates. Antibodies 2018, 7, 10. [CrossRef]

60. Durrbach, A.; Angevin, E.; Poncet, P.; Rouleau, M.; Chavanel, G.; Chapel, A.; Thierry, D.; Gorter, A.;
Hirsch, R.; Charpentier, B.; et al. Antibody-mediated endocytosis of G250 tumor-associated antigen allows
targeted gene transfer to human renal cell carcinoma in vitro. Cancer Gene Ther. 1999, 6, 564–571. [CrossRef]
[PubMed]

61. Honarvar, H.; Garousi, J.; Gunneriusson, E.; Hoiden-Guthenberg, I.; Altai, M.; Widstrom, C.; Tolmachev, V.;
Frejd, F.Y. Imaging of CAIX-expressing xenografts in vivo using 99mTc-HEHEHE-ZCAIX:1 affibody molecule.
Int. J. Oncol. 2015, 46, 513–520. [CrossRef] [PubMed]

62. Roscher, M.; Hormann, I.; Leib, O.; Marx, S.; Moreno, J.; Miltner, E.; Friesen, C. Targeted alpha-therapy using
[Bi-213]anti-CD20 as novel treatment option for radio- and chemoresistant non-Hodgkin lymphoma cells.
Oncotarget 2013, 4, 218–230. [CrossRef] [PubMed]

63. Graf, F.; Fahrer, J.; Maus, S.; Morgenstern, A.; Bruchertseifer, F.; Venkatachalam, S.; Fottner, C.; Weber, M.M.;
Huelsenbeck, J.; Schreckenberger, M.; et al. DNA Double Strand Breaks as Predictor of Efficacy of
the Alpha-Particle Emitter Ac-225 and the Electron Emitter Lu-177 for Somatostatin Receptor Targeted
Radiotherapy. PLoS ONE 2014, 9, e88239. [CrossRef] [PubMed]

64. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature
1970, 227, 680–685. [CrossRef] [PubMed]

http://dx.doi.org/10.2967/jnumed.111.094896
http://www.ncbi.nlm.nih.gov/pubmed/22159179
http://dx.doi.org/10.1021/tx8003906
http://www.ncbi.nlm.nih.gov/pubmed/19216492
http://dx.doi.org/10.1038/ncomms5740
http://www.ncbi.nlm.nih.gov/pubmed/25190082
http://dx.doi.org/10.1007/s00259-009-1120-2
http://www.ncbi.nlm.nih.gov/pubmed/19350237
http://dx.doi.org/10.1016/j.nucmedbio.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27419360
http://dx.doi.org/10.1089/cbr.1998.13.133
http://www.ncbi.nlm.nih.gov/pubmed/10850349
http://dx.doi.org/10.1200/JCO.1993.11.4.738
http://www.ncbi.nlm.nih.gov/pubmed/8478666
http://dx.doi.org/10.2310/7290.2014.00008
http://www.ncbi.nlm.nih.gov/pubmed/24824962
http://dx.doi.org/10.1016/j.neo.2014.12.011
http://www.ncbi.nlm.nih.gov/pubmed/25748241
http://dx.doi.org/10.1038/onc.2009.441
http://www.ncbi.nlm.nih.gov/pubmed/19946328
http://dx.doi.org/10.3390/antib7010010
http://dx.doi.org/10.1038/sj.cgt.7700085
http://www.ncbi.nlm.nih.gov/pubmed/10608353
http://dx.doi.org/10.3892/ijo.2014.2782
http://www.ncbi.nlm.nih.gov/pubmed/25434612
http://dx.doi.org/10.18632/oncotarget.817
http://www.ncbi.nlm.nih.gov/pubmed/23474846
http://dx.doi.org/10.1371/journal.pone.0088239
http://www.ncbi.nlm.nih.gov/pubmed/24516620
http://dx.doi.org/10.1038/227680a0
http://www.ncbi.nlm.nih.gov/pubmed/5432063


Pharmaceuticals 2018, 11, 132 26 of 26

65. Candiano, G.; Bruschi, M.; Musante, L.; Santucci, L.; Ghiggeri, G.M.; Carnemolla, B.; Orecchia, P.; Zardi, L.;
Righetti, P.G. Blue silver: A very sensitive colloidal Coomassie G-250 staining for proteome analysis.
Electrophoresis 2004, 25, 1327–1333. [CrossRef] [PubMed]

66. Gunasekera, K.; Wuthrich, D.; Braga-Lagache, S.; Heller, M.; Ochsenreiter, T. Proteome remodelling during
development from blood to insect-form Trypanosoma brucei quantified by SILAC and mass spectrometry.
BMC Genom. 2012, 13, 556. [CrossRef] [PubMed]

67. Ozerdem, U.; Wojcik, E.M.; Barkan, G.A.; Duan, X.; Ersahin, C. A practical application of quantitative vascular
image analysis in breast pathology. Pathol. Res. Pract. 2013, 209, 455–458. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/elps.200305844
http://www.ncbi.nlm.nih.gov/pubmed/15174055
http://dx.doi.org/10.1186/1471-2164-13-556
http://www.ncbi.nlm.nih.gov/pubmed/23067041
http://dx.doi.org/10.1016/j.prp.2013.03.004
http://www.ncbi.nlm.nih.gov/pubmed/23707548
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	1
	Results 
	Conjugation of p-SCN-n-DOTA to cG250 
	Identification of DOTA Modification Sites 
	Ratio of DOTA Molecules Per Molecule of Antibody 
	In Vitro Characterization of the Conjugates 
	Radiochemical Purity and Influence of Sodium Ascorbate on the Stability In Vitro 
	In Vitro Radioimmunoreactivity of the Conjugates Labeled with 177Lu 
	Biodistribution 
	Effect of Tumor Volume, Hypoxia, and Necrosis on cG250 Tumor Retention 

	Discussion 
	Materials and Methods 
	Preparation of cG250 Conjugates 
	Characterization by Mass Spectrometry 
	Cell Culture 
	Flow Cytometric Analysis 
	Radiolabeling, Quality Control, and Radiostability 
	Radioactivity Binding Assay 
	Animals 
	Immunohistochemical Analysis (IHC) 
	Biodistribution 
	References


