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As part of a search for optimal conditions for radioimmuno-
therapy of lymphoma, rituximab was labeled with 2 different
specific activities of 131I and immunoreactivity was compara-
tively measured. Methods: Labeling was performed with chlo-
ramine T using as starting conditions 185 MBq of 131I per 1 mg
and per 5 mg of antibody for labelings A and B, respectively. Six
comparative labelings were performed over a period of 10 mo
with similar efficacy and purified by anion-exchange chroma-
tography. Immunoreactivity was determined immediately after
labeling in parallel assays using different concentrations of fresh
Raji and Daudi cells. Results were compared at maximal ob-
served specific binding on 107 cells and after extrapolation to
infinite antigen excess. A statistical analysis was performed to
predict the frequency of radiolabeled mono- and polyiodinated
antibodies: First, a gaussian distribution predicted the number
of iodine atoms per antibody in labelings A and B, respectively;
then, the radiolabeling probability was developed according to
the Newton binome. Results: Final radiochemical purity was
�98.4% for all labelings. The final mean specific activities were
169.7 MBq/mg and 32.8 MBq/mg, corresponding to 0.87 and
0.17 iodine atoms per antibody in labelings A and B, respec-
tively. Labeling B showed a significantly higher immunoreactiv-
ity than did labeling A, the mean relative increase in binding
being �28% for both Raji cells and Daudi cells. The predictive
statistical analysis indicated that 57.3% and 15.4% of radiola-
beled antibodies in labelings A and B, respectively, were poly-
iodinated. Conclusion: The low specific activity of 131I-rituximab
allowed preservation of a high immunoreactivity and correlated
with the prediction of a low percentage of polyiodinated radio-
labeled antibodies.
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Rituximab (MabThera; F. Hoffmann-La Roche Ltd./
Rituxan; IDEC Pharmaceuticals Inc.), a chimeric IgG1
�-monoclonal antibody (mAb) directed against the cluster

designation 20 (CD20) antigen (1–3), was approved in 1998
by the U.S. Food and Drug Administration for immunother-
apy of non-Hodgkin’s B-cell lymphoma. Low immunoge-
nicity of the antibody has been observed, with human anti-
murine or antichimeric antibodies developing in less than
1% of patients after multiple injections (2).

Different groups have already reported on the use of
131I-labeled rituximab in radioimmunotherapy (4,5). With
the intention to develop a repeated radioimmunotherapy, we
performed a 131I-labeling study of rituximab using 2 differ-
ent radioiodination degrees. On the basis of literature re-
ports (4–6), we chose the labeling starting conditions of
185 MBq/1 mg of antibody and 185 MBq/5 mg of antibody
for labelings A and B, respectively. Labeling was performed
using an optimized chloramine T (N-chloro-4-toluenesul-
fonamide) method (7) followed by purification with anion-
exchange resin. Because labeling A was designed for use in
a pharmacokinetic study of patients (8), and because immu-
noreactivity of an antibody is a most important parameter
when used in therapy (9), fine-tuning of the labeling con-
ditions had been performed to preserve the immunoreactiv-
ity. However, impairment of immunoreactivity can also
arise from the antibody iodination degree or impurities of
the radioiodine, and different IgGs can be variably affected
(6). The paired labelings A and B, performed over a longer
time and analyzed in a paired assay for immunoreactivity,
should therefore allow determination of the optimal radio-
iodination condition for rituximab.

Labelings A and B were analyzed statistically to predict
the number of mono- and polyiodinated antibodies and the
radiolabeling frequency of these fractions. Compared with
monoiodinated antibodies, radiolabeled polyiodinated anti-
bodies might contribute to a decreased immunoreactivity.

MATERIALS AND METHODS
No-carrier-added Na131I (�222 GBq/mg of iodine at calibration

time, �99.9% radionuclide purity) in phosphate buffer, pH 7, was
from MDS Nordion S.A. Rituximab was kindly provided by Roche
Pharma. Chemicals and solvents were p.a. grade and purchased
from Merck and Fluka. 0.9% NaCl solution was from B. Braun
Medical AG, and sterile 0.15 mol/L phosphate buffer, pH 7.0, was
from the pharmacy of our hospital. Phosphate-buffered saline, pH
7, for high-pressure liquid chromatography (HPLC) was 58.8
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mmol/L Na2HPO4, 41.2 mmol/L KH2PO4, 100 mmol/L NaCl, and
0.1% (w/v) NaN3 in bidistilled water. MILLEX-GV 0.22-�m
sterile filters were from Millipore Corp. Analytic size-exclusion
HPLC was performed on a guard-protected TSK 3000 SW gel
column, 300 � 7 mm (Toyo Soda Manufacturing Co.). The HPLC
system was a model 5000 from Varian Associates, Inc., with
ultraviolet detector. The radioactivity monitor was a model 507 B
from Berthold LB. Instant thin-layer liquid chromatography
(ITLC) paper was from PALL Corp. Thin-layer chromatograms
were scanned on a model 284 linear analyzer from Berthold LB.
Dose activity was measured with an Atomlab 100 dose calibrator
(Biodex). Raji and Daudi cells were cultured in RPMI 1640 with
GlutaMAX-I (Invitrogen Corp.), supplemented with 10% heat-
inactivated fetal calf serum and penicillin–streptomycin (0.1 mg/
mL; Life Technologies, Inc.) in humidified atmosphere at 37°C
and 5% CO2. Cells were maintained at exponential growth, with
the medium changed 2–3 times per week.

Radiolabeling A
Two-milliliter columns (Supelco) were filled with 1.8 g of anion

exchange resin (1 � 8, 100 mesh; Dowex) and washed with 20 mL
of 70% ethanol and 50 mL of sterile 0.9% NaCl solution before
use. To 200 �L of antibody (2 mg of rituximab) and 370 MBq of
Na131I solution (diluted to 200 �L with phosphate buffer, 0.15
mol/L, pH 7.0), 100 �L of freshly prepared chloramine T solution
(5 mg of chloramine T in 10 mL of phosphate buffer, 0.15 mol/L,
pH 7) were added. After 5 min at room temperature, labeling
efficacy was controlled by ITLC (methanol/0.9% saline � 85/15;
131I-rituximab: start, unbound 131I-Iodide: front). The labeling so-
lution was pumped (peristaltic Pump P-1 with 0.5 mL/min flow;
Pharmacia) through the anion-exchange column, and the labeling
vial was washed successively with 1 and 2 mL of sterile 0.9%
saline that was also passed through the resin filter column into the
same vial. The purified, radiolabeled antibody solution was finally
filtered through a 0.22-�m Millipore sterile filter into a sterile
penicillin vial, ready for clinical use.

Radiolabeling B
The procedures were the same as described for labeling A. One

hundred microliters of chloramine T solution were added to 185
MBq of undiluted Na131I (20–40 �L) and 500 �L of the antibody
solution (5 mg of rituximab). The final volumes of labelings A and
B after filtration were between 2.5 and 3 mL. Quality was con-
trolled by ITLC and HPLC (TSK 3000 SW column; 0.1 mol/L
phosphate-buffered saline; 0.6 mL/min flow; 280-nm ultraviolet
detection, plus radioactivity detection; retention time of 23.3 min
for aggregates, 28.0 min for 131I-rituximab, and 42.2 min for 131I).

Chloramine T Absorption Stress Test
Two milligrams (7.1 �mol) of chloramine T trihydrate, dis-

solved in 1 mL of 0.15 mol/L phosphate buffer and 6.5 mL of 0.9%
NaCl solution, were passed through the anion-exchange resin
column (as described) at 0.5 mL/min. The column was washed
with 3 mL of 0.9% NaCl solution (final volume, 10.5 mL). This
solution was tested on HPLC for chloramine T content (Lichro-
CART 250-4 column [Merck] with a detection limit of 0.5 �g/mL
chloramine T trihydrate; 1:1 0.1% acetic acid in water:methanol; 1
mL/min flow; 254-nm ultraviolet detection; retention time of 7.12
min for chloramine T.

Binding Assay
The immunoreactivity of paired labelings A and B was mea-

sured simultaneously in duplicate without delay on the 2 cell lines,

Raji and Daudi, using 5 sequential dilutions of between 106 and
107 cells in exponential growth (microscopic assessment generally
indicated �90% viability). Daudi and Raji cells are known for
expression of high amounts of CD20 antigen (10), are easy to
cultivate in suspension, and are commercially available (American
Type Culture Collection). In our laboratory, the first results of
measurement by Scatchard plot of CD20 surface expression indi-
cated the presence of 92,000 binding sites per Daudi cell.

Identical amounts of antibody (6 ng), labeled with 1.0 and 0.2
kBq for labelings A and B, respectively, were incubated at 37°C
for 2 h in a volume of 200 �L of phosphate-buffered saline (0.15
mol/L NaCl and 0.01 mol/L phosphate buffer, pH 7) containing
5% fetal calf serum and NaN3 (0.02% w/v). Nonspecific binding,
generally less than 3%, was assessed by competition with 100 �g
of unlabeled antibody and subtracted for determination of specific
binding. Specific binding results were analyzed at maximal ob-
served binding on 107 cells and using extrapolation to infinite
antigen excess according to Lindmo et al. (11). The Student t test
for paired samples was used for statistical comparison of results.

Predictive Distribution Statistics of Iodination and
Radiolabeling

The mean molar ratio of iodine atoms per antibody was calcu-
lated on the basis of a specific activity of 222 GBq/mg for 131I
(according to the manufacturer) and a molecular weight of 145
kDa for rituximab (2). For labeling A, 833 ng of iodine (185 MBq)
equals 6.56 nmol, and 1 mg of rituximab equals 6.9 nmol, resulting
in an initial I/mAb molar ratio of 0.95. For labeling B, the same
calculation led to 0.19 as the initial I/mAb ratio. For mean radio-
chemical labeling yields of 91.8% and 88.6%, final iodination
values gave, therefore, I/mAb molar ratios of 0.87 and 0.17 for
labelings A and B, respectively.

The statistical distribution of iodines per antibody was then
calculated according to Equation 1 (gaussian distribution proba-
bility):

Pi�x� �
m

x!
e�m, Eq. 1

where Pi(x) � the probability of insertion of x atoms per antibody
molecule, m � the average number of iodine atoms per antibody
molecule, and x � the number of iodine atoms. No-carrier-added
(radionuclide purity � 99.9%) 131I contains only a small percent-
age of 131I, with most being 127I (stable iodine). For the declared
specific activity of 222 GBq/mg for 131I, the fractions of 131I and
127I were therefore 0.0455 and 0.9545, respectively.

Because immunoreactivity is measured only for the radiola-
beled antibodies in a direct binding assay, the radiolabeling prob-
ability of mono- and polyiodinated antibodies was then calculated
on the following basis: The distribution probability of 131I (fraction
a) and 127I (fraction b) for a given number of iodines (x) per
antibody can be written as (a 	 b)x (Newton binome). As an
example, for a biiodinated antibody the formula resolves in a2 	
2ab 	 b2, where a2 	 2ab represents the probability that the
antibody will be radiolabeled by 1 atom 131I (2ab) or 2 atoms 131I
(a2), and b2 the probability that the antibody will be radiolabeled
only with 127I. The radiolabeling probability Pa(x) of a given
number of iodines per antibody was therefore calculated using
Equation 2:

Pa�x� � �a � b�x � bx. Eq. 2
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Combination (by multiplication) of the 2 probabilities, Pi(x)
(representing the occurrence probability of a given number of
iodines per mAb) and Pa(x) (representing the radiolabeling prob-
ability of a given number of iodines per mAb), gave the probability
F(x) that a given number of iodines per mAb will occur in
radiolabeled form. This final probability, expressed as a percentage
of the total fraction of radiolabeled antibodies, allowed us to know
the percentage of radiolabeled antibodies statistically expected to
exist in monoiodinated and polyiodinated forms.

RESULTS

Radiolabeling
Because 131I-rituximab was later to be prepared for use in

patient therapy, a semiautomatic labeling method was cho-
sen to minimize exposure of the staff to radiation. Dowex
anion-exchange-column filtration allowed efficient elimina-
tion of unbound iodine as well as of chloramine T, whereas
no significant loss of antibody was observed. Chloramine T
elimination by the anion-exchange column (measured by
reversed-phase HPLC) was verified in a stress test using an
amount 40-fold higher than that used for radiolabeling (Fig.
1). An alternative method of purification, based on the
addition of the same volume of anion-exchange resin into
the labeling solution (batch method, n � 2) was less effi-
cient in removing free iodine than was column filtration,
probably because of a low repartition coefficient. Fine-
tuning of the chloramine T concentration optimized the
amount of chloramine T trihydrate (50 �g in 500 
 100 �L
of labeling solution) containing either 370 MBq of 131I and
2 mg of antibody (labeling A) or 185 MBq of 131I and 1 mg
of antibody (labeling B) obtained with an incubation time of
5 min at room temperature. For comparison, 6 A and B
labelings were studied over a period of 10 mo. 131I was used
within 2 d of calibration. The paired labelings were per-
formed consecutively on the same day, starting with label-
ing A on 4 occasions, because of clinical priority, and using
the reverse order on 2 occasions.

For labeling A, radiochemical yield as determined by
ITLC before purification was 91.8% 
 3.6% (Table 1),
resulting in a final I/mAb molar ratio of 0.87. The radio-
chemical purity after ion-exchange chromatography as as-
sessed by ITLC was 99.1% 
 0.5%. These results were
confirmed by size-exclusion HPLC, which found a radio-
chemical purity of 98.9% 
 0.9% for 131I-rituximab. The
percentage of radiolabeled aggregates as determined by
HPLC was 0.6% 
 0.5% and not significantly different
from the HPLC analytic results for unlabeled antibody. No
significant increase in aggregation could be observed after
8 h of storage at 4°C. After storage for 24 h, some increased
aggregate formation was observed, but aggregation re-
mained �3%. Other degradation products of the antibody
were not observed even after storage for 24 h at 4°C.

For labeling B, radiochemical yield was 88.6% 
 6.2%
(Table 1), resulting in a final I/mAb molar ratio of 0.17.
Radiochemical purity after purification was similar to that
for labeling A (Table 1).

Determination of Immunoreactivity
Immunoreactivity was measured comparatively for A and

B immediately after labeling using direct binding on fresh
Raji and Daudi cells (from the same batches) and back-
ground correction for determination of specific binding.
Specific binding results were analyzed in 2 ways, once as
binding obtained on 107 Raji and Daudi cells and once using
extrapolation to infinite antigen excess according to the
method of Lindmo et al. (10) (Table 2). Figure 2 shows a
representative experiment for labeling A and B on Raji
cells. The results showed a statistically significant higher
binding (P � 0.03) for labeling B than for labeling A in all
4 comparisons. When combining the results obtained on
Raji (n � 6) and Daudi cells (n � 6) for the paired
comparison (n � 12), the difference was highly significant
(P � 0.001, Table 2). Detailed reading of the results for the
maximal observed binding on 107 cells and after extrapola-
tion to infinite antigen excess (Table 2) showed that each
comparison of the paired labelings gave a higher binding of
B than of A, excepting the results for which the extrapola-
tion according to Lindmo indicated an optimal binding of
100% for both.

FIGURE 1. (A and B) Respective HPLC results before and
after anion-exchange-column purification from the chloramine T
elimination stress test: void volume (a), unidentified compound
(b), and chloramine T (c). A 40-fold higher amount of chloramine
T than used in labelings A and B was eliminated from the
labeling solution. (The theoretic concentration of chloramine T in
the dilution after purification in case of inefficient retention
would be 190 �g/mL; the detection limit was 0.5 �g/mL.)
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Predictive Iodination and Radioiodination Distribution
Statistics

A predictive statistical distribution of the probability of
iodine incorporation based on Equation 1 (gaussian distri-
bution) was performed, using the average number of iodine
atoms per mAb molecule: 0.87 for labeling A and 0.17 for
labeling B (Fig. 3). The results showed that a high percent-
age of polyiodinated antibodies (127I and 131I) was present in
labeling A, whereas the percentage was lower in labeling B.

In a second step, the probability of radioiodination of
mono- and polyiodinated antibodies was calculated (Table
3; Fig. 4). The data showed that the radiolabeling probabil-
ity almost doubled and tripled for biiodinated antibodies and
triiodinated antibodies, respectively, compared with the
probability for monoiodinated antibodies.

Finally, the probability of mono- and polyiodinated anti-
bodies was multiplied by the probability of their being
radiolabeled to obtain the probability of occurrence of ra-
diolabeled mono- and polyiodinated antibodies (Table 3;
Fig. 4). The predicted fractions calculated for polyiodinated
radiolabeled antibodies were 57.3% and 15.4% for labelings
A and B, respectively, if the total radiolabeled fraction of
antibodies was set at 100%.

DISCUSSION

Retention of the full immunoreactivity of a radiolabeled
antibody is a primary condition for optimal tumor targeting
(8,12). The use of radiolabeled antibodies that are not im-
munocompetent contributes to nonspecific irradiation of the

TABLE 1
Radiochemical Yield Before and Radiochemical Purity After Purification of 131I-Rituximab

Paired
labeling no.

Labeling A Labeling B

% 131I-Rituximab
before purification

% 131I-Rituximab
after purification

% 131I-Rituximab
before purification

% 131I-Rituximab
after purification

1 95.2 99.6* 95.7 99.3
2 93.9 99.6* 79.7 98.9
3 90.9 98.7 86.9 99.3
4 95.5 98.8* 95.1 99.4
5† 87.3 98.5 89.4 98.8
6† 87.3 99.4 84.6 99.4

Mean 
 SD 91.8 
 3.6 99.1 
 0.5 88.6 
 6.2 99.2 
 0.3

*Labeling prepared for clinical use.
†Day on which labeling B was performed before labeling A.
Average values before purification were used to calculate the probability of incorporated iodine atoms per molecule antibody as shown

in Figure 3.

TABLE 2
Specific Tracer Binding on 107 Fresh Raji or Daudi Cells and Extrapolated Maximal Binding

at Infinite Antigen Excess According to Lindmo et al. (10)

Paired labeling
no.

Specific binding on 107 cells (% of input activity) Extrapolated maximal binding (%)

Raji Daudi Raji Daudi

A B A B A B A B

1 25.8 41.6 52.9 59.7 36.5 66.2 61.4 68.0
2 35.3 42.2 43.3 52.3 64.9 85.5 66.2 96.2
3 23.9 59.5 25.1 58.3 65.8 100 84.0 100
4 35.2 51.9 30.8 43.4 70.4 100 65.8 100
5 54.7 59.2 59.7 67.5 89.3 95.2 100 100
6 39.7 53.6 39.9 61.1 100 100 62.9 100
Mean 
 SD 35.8 
 11.1 51.3 
 7.9 42.0 
 13.0 57.1 
 8.3 71.2 
 22.1 91.2 
 13.5 73.4 
 15.4 94.0 
 12.8
Relative binding

increase* (%) 43 36 28 28
P 0.018 (n � 6) 0.016 (n � 6) 0.018 (n � 6) 0.022 (n � 6)

�0.001 (n � 12) �0.001 (n � 12)

*Relative mean binding increase of labeling B compared with A (A � 100%).
†Calculated for paired, specific binding results of labelings A and B using the Student t test.
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patient but does not contribute to specific irradiation of the
tumor.

We present the results of a comparative labeling study
starting with 2 different specific activities of 131I-rituximab,
with one of the labelings being performed in the framework
of a clinical study. Preparative work had been done to
optimize the chemical labeling conditions using chloramine
T. Residual iodine and chloramine T were eliminated by
push filtration through an anion-exchange column. This
represents a potential advantage over conventional labeling
procedures, which commonly add the reducing agent so-
dium bisulfite to stop the oxidation reaction. These reducing
agents can also contribute to a loss of immunoreactivity in
antibodies (12). 131I-Rituximab, prepared in this way, re-
sulted in �98.4% radiochemical purity without formation
of aggregates or degradation products.

In the direct-binding assay, we measured the immunore-
activity of the radiolabeled antibody fraction, which is no-
tably the fraction that will provide the radioimmunotherapy
effect. In our opinion, immunoreactivity measured by com-
petition assay might be biased by the presence of high
percentages of unlabeled antibodies, as we found for label-
ing B, in which 84% of antibodies are predicted not to be
iodinated. As an example, in a competition assay using
111In-labeled rituximab, the binding of 111In-rituximab
would be competing with unlabeled and radioiodinated rit-
uximab. Thus, in such a competition assay the presence of
84% noniodinated antibodies in labeling B could mask
impaired immunoreactivity in the radiolabeled antibody
fraction.

Impairment of immunoreactivity can result from multiple
parameters such as chemicals or impurities of iodine. Fur-
thermore, the specifications of 131I can vary among different
producers, production methods, and batches from the same
producer. Abundant tyrosine residues in the antibody
complementarity–determining regions of the binding site
(13) can significantly affect the immunoreactivity of radio-
iodinated antibodies. Measurement of immunoreactivity us-
ing live cells might further lead to variations, since cells
might express variable amounts of the target antigen
(CD20). Despite the varied binding results observed in our
study, the use of paired labelings with the same batches of
131I and cells and simultaneous binding measurements al-
lowed observation of strictly comparable conditions. Our
results showed that labeling B gave a very high immuno-
reactivity, with a mean of �91% at infinite antigen excess
and with most of these labelings extrapolating to 100%
immunoreactivity. This high immunoreactivity demon-
strates that the chemical labeling conditions for both label-
ing A and labeling B had been close to optimal. The
observation, however, of particularly low binding results or,
alternatively, of very high results also for labeling A (paired
labeling 5) could possibly be explained by variations in the
specific activity of 131I.

As shown further, the strictly paired comparisons, using
identical amounts of antibody rituximab, showed that label-

FIGURE 2. (A) Specific binding results
(duplicates) for 5 concentrations of fresh
Raji cells (dilutions between 106 and 107

cells; nonspecific binding has been sub-
tracted). Data are from paired labeling 4.
(B) Extrapolation to infinite antigen excess
according to Lindmo et al. (11). In the
Lindmo extrapolation, the linear regression
of labeling A follows the equation y �
1.6032x 	 0.0142, that of labeling B, y �
1.1884x 	 0.0083 (correlation coefficients
for both were r2 � 0.997).

FIGURE 3. Probability of incorporation of one or more iodine
atoms (131I and 127I) per antibody molecule for the average I/mAb
molar ratios of 0.87 (labeling A) and 0.17 (labeling B). Probability
values were calculated according to Equation 1 (gaussian dis-
tribution).
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ing B gave a significantly higher immunoreactivity than did
labeling A. Similar observations of higher immunoreactiv-
ity at a lower specific activity of 131I (29.6 MBq/mg, com-
pared with 325.6 MBq/mg) have been described for another
anti-CD20 antibody: anti-B1 (14). In another study, 11 of 12
tested antibodies showed similar results for immunoreactiv-

ity impairment at a moderate iodination degree, as was used
in our study for labeling A (9). Finally, 25% immunoreac-
tivity impairment at an I/mAb molar ratio of 1:1 had also
been observed on the humanized antibody HuM195 (13).
These results had already demonstrated the possible depen-
dence of immunoreactivity on specific activity, exceptions
being, however, possible. Thus, optimization of labeling is
required for each antibody, especially if higher degrees of
iodination are envisaged.

The presented 2-step predictive statistical distribution of
mono- compared with polyiodinated antibodies showed that
the percentage of polyiodinated radiolabeled antibodies was
15.4% in labeling B and 57.3% in labeling A, when setting
the total number of radioiodinated antibodies at 100%. This
difference of polyiodinated, radiolabeled antibodies might
explain the different immunoreactivities of the 2 labelings.
Using the same calculation method, it could be predicted
that a radiolabeling of 1 mg of antibody with 370 MBq of
131I antibody of the same specific activity as used in our
study would lead to a polyradioiodinated fraction of 82%. In
these calculations, it was assumed that the declared specific
activity of 131I was always reached. Generally, this param-
eter is not controlled by the laboratory radiolabeling the
antibodies. Delivery of a lower specific activity, or use of
131I later than on the calibration date, would further increase
the rate of polyiodination of antibodies and possibly con-
tribute to immunoreactivity impairment.

Other parameters than those explored here could further
modulate the predicted distribution probability of mono-
and polyiodinated antibodies. The number of tyrosine resi-
dues is not unlimited in an antibody, and tyrosines in the

FIGURE 4. Development of the probability of radioiodination
of mono- and polyiodinated antibodies F(x) for labeling A. Cal-
culation is based on the relative iodination probability Pi(x) (ex-
cluding the fraction of noniodinated antibodies), the radiolabel-
ing probability Pa(x), and the combination of the 2 probabilities.
The polyiodinated radiolabeled antibody fraction F(x) is seen to
increase relative to the predicted iodination probability Pi(x).

TABLE 3
Calculated Radioiodinated Fractions of Antibodies for Different Numbers of Iodine Atoms per mAb Molecule

No. of
iodine
atoms

Iodination
probability*

(Pi(x))

Relative
iodination

probability†

(%)

Radiolabeling
probability‡

(Pa(x))
Radioiodinated
fraction§ (F(x))

Relative
radioiodinated
fraction� (%)

Labeling A
1 0.3645 62.7 0.0455 0.01658 42.7
2 0.1586 27.3 0.0888 0.01408 36.3
3 0.0460 7.9 0.1303 0.00599 15.5
4 0.0100 1.7 0.1698 0.00170 4.4
5 0.0017 0.3 0.2075 0.00035 0.9
6 0.0003 0.1 0.2436 0.00007 0.2

Labeling B
1 0.1413 91.6 0.0455 0.00643 84.6
2 0.0122 7.9 0.0888 0.00108 14.2
3 0.0007 0.5 0.1303 0.00009 1.2

*Calculated probability (according to Equation 1) of mono- and polyiodinated antibody fractions Pi(x).
†Mono- and polyiodinated fractions (%) of all iodinated antibodies.
‡Respective probability to be radiolabeled Pa(x) (according to the Newton binome).
§Resulting fraction (by multiplication of Pi(x) with Pa(x)) of radiolabeled mono- and polyiodinated antibodies F(x).
�The later fraction (%) of all radiolabeled antibodies.
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binding site might be preferentially labeled (13). A potential
preferential radioiodination in the binding site could further
reduce immunoreactivity, especially in combination with a
high probability of polyiodinated radiolabeled antibodies.

Furthermore, polyradiolabeled antibodies present a
higher counting rate than do monoradioiodinated antibod-
ies. Because we radiolabeled rituximab at a low specific
activity, and because polyradioiodinated antibodies are rare
for 131I of the given specific activity, we think that these
other parameters only slightly affected the results and can
therefore be neglected.

By analogy, the same calculation method used for mono-
and polyderivated antibodies might also apply to most ra-
diometal labelings. The degree of chelates per antibody
would define the number of potential radiolabeling sites,
and the purity of commercially available radiometals, the
radiolabeling degree. Commercially available radiometals
frequently contain other metal impurities that can be che-
lated and therefore can determine the radiolabeling degree
of mono- and polychelated antibodies.

CONCLUSION

We showed that we could preserve a high immunoreac-
tivity for rituximab when radiolabeling at a low specific
activity that resulted in a predicted molar ratio of 0.17
iodines per antibody. Furthermore, calculation of the statis-
tical distribution probability predicted that even at the mod-
est degree of iodination for labeling A—0.87 iodine atoms
per antibody—most radiolabeled antibodies contained 2 or
more iodine atoms, possibly explaining the partial loss of
immunoreactivity. The presented method of calculating sta-
tistical probabilities of radiolabeling might also be relevant
for radiometal-labeled antibodies and might allow predic-
tion of the relative frequency of radiolabeled mono- and
polychelated antibodies.
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