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Monoclonal antibodies (mAbs) labeled with a-emitting radionu-
clides such as 211At, 212Bi, 213Bi, and 212Pb (which decays by
b-emission to its a-emitting daughter, 212Bi) are being evaluated for
their potential applications for cancer therapy. The fate of these
radionuclides after cells are targeted with mAbs is important in
terms of dosimetry and tumor detection. Methods: In this study,
we attached various radionuclides that result in a-emissions to
T101, a rapidly internalizing anti-CD5 mAb. We then evaluated the
catabolism and cellular retention and compared them with those of
125I- and 111In-labeled T101. T101 was labeled with 211At, 125I,
205,6Bi, 111In, and 203Pb. CD5 antigen–positive cells, peripheral
blood mononuclear cells (PBMNC), and MOLT-4 leukemia cells
were used. The labeled T101 was incubated with the cells for 1 h
at 4°C for surface labeling. Unbound activity was removed and 1
mL medium added. The cells were then incubated at 37°C for 0, 1,
2, 4, 8, and 24 h. The activity on the cell surface that internalized
and the activity on the cell surface remaining in the supernatant
were determined. The protein in the supernatant was further pre-
cipitated by methanol for determining protein-bound and non–
protein-bound radioactivity. Sites of internal cellular localization of
radioactivity were determined by Percoll gradient centrifugation.
Results: All radiolabeled antibodies bound to the cells were inter-
nalized rapidly. After internalization, 205,6Bi, 203Pb, and 111In radio-
labels were retained in the cell, with little decrease of cell-associ-
ated radioactivity. However, 211At and 125I were released from cells
rapidly (211At , 125I) and most of the radioactivity in the supernatant
was in a non–protein-bound form. Intracellular distribution of ra-
dioactivity revealed a transit of the radiolabel from the cell surface
to the lysosome. The catabolism patterns of MOLT-4 cells and
PBMNC were similar. Conclusion: 211At catabolism and release
from cells were somewhat similar to that of 125I, whereas 205,6Bi and
203Pb showed prolonged cell retention similar to that of 111In. These
catabolism differences may be important in the selection of a-ra-
dionuclides for radioimmunotherapy.
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Recent radioimmunotherapy clinical trials using radio-
labeled monoclonal antibodies (mAbs) directed against tu-
mor-associated antigens have shown considerable promise.
However, many uncertainties remain concerning the opti-
mal implementation of this new modality. One of the most
contentious issues is the selection of the optimal radionu-
clide. b-Emitters, such as90Y and 131I, have been widely
used (1–3).

Compared withb-emitters,a-emitters are more attractive
for certain radioimmunotherapeutic applications.a-Emit-
ters have several advantages overb-emitters, including
higher linear energy transfer (which results in a relative
biologic effectiveness of 5–20 times that ofb-particles);
reduced nonspecific irradiation to normal tissues around
target cells because of their shorter pathlengths (60–100
mm); extremely high cytotoxicity as a result of DNA dam-
age, which cells have a limited ability to repair; low depen-
dence on dose rate and oxygen enhancement effects; and
apoptotic mechanism resulting froma-radiation (4,5).

It has become increasingly evident that the behavior of
radiolabeled catabolic products after total antibody degra-
dation is an important factor for radioimmunotherapy. This
fact was first recognized after comparison of antibodies
labeled with radioiodine and111In (6–8). Radioiodine, la-
beled to tyrosine residues of protein by standard iodination
methods, is rapidly released from target cells after antibody
internalization (9), suggesting that the protein is digested to
amino acids and the iodine can be found as iodotyrosine or
iodide on deiodination. In contrast,111In-diethylenetria-
minepentaacetic acid (DTPA) conjugated protein is retained
within cells, probably within lysosomes (6,10) primarily as
the lysine adduct, because of the cleavage of peptide bonds
(11,12).

The fates of various radionuclides (111In, 125I, 90Y, 99mTc)
attached to mAbs have been evaluated in in vitro cell
systems after internalization (6,9,10). In some instances,
these in vitro studies have been shown to be predictive of
results in humans (7). In contrast,a-emitters have not been
adequately assessed. In this study, we used thea-emitters
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211At, 203Pb (surrogate for212Pb that decays to212Bi), and205,6Bi
(surrogate for212Bi and 213Bi) to radiolabel mAb T101 and
compared their internalization, metabolism, and retention with
those of125I- and111In-labeled T101.212Pb is the parent of212Bi
and has been used as an in vivo generator to delivera-radiation
through its daughter. Radioimmunoassay and Percoll gradient
fractionation of cell organelles were used to test whether the
retention of radioactivity was caused by lysosomal trapping
of the radiometal-containing metabolites.

MATERIALS AND METHODS

mAb and Radiolabeling
T101 is an IgG2a murine mAb specific for the CD5 antigen (13),

which is a 65-kDa pan T-cell antigen expressed on normal T-
lymphocytes and T-cell malignancies, with 30,000–180,000 sites
per cell (14). This antibody is known to modulate rapidly once it
binds to the CD5 on the cell surface, resulting in rapid internal-
ization of the radiolabeled antibody. Modulation occurs in vivo
and in vitro in malignant cell lines as well as in normal peripheral
blood mononuclear cells (PBMNC) (15–17).

The T101 was purified from hybridoma ascites (Hybritech Inc.,
La Jolla, CA) and was radiolabeled with various radionuclides,
including 211At, 205,6Bi (surrogate for212Bi and 213Bi), and 203Pb
(surrogate for212Pb). For comparison with previous studies, T101
was also radiolabeled with125I and 111In. 125I and 111In were
obtained from New England Nuclear Life Science Products (Bos-
ton, MA). We directly radioiodinated T101 with125I at a specific
activity of 185–370 MBq/mg (5–10 mCi/mg) using the chlora-
mine-T method (18). The nonbound125I was removed by gel
filtration chromatography. The radioactivity of these preparations
was .95% protein bound, as determined by instant thin-layer
chromatography or trichloroacetic acid (TCA) precipitation.

The T101 was conjugated withN-[(R)-2-amino-3-(p-isothiocyana-
tophenyl)propyl]-trans-(S,S)-cyclohexane-1,2-diamine-N,N,N9,N0,N--
pentaacetic acid (CHX-A0-DTPA) and labeled with111In or 205,6Bi at
specific activities of 111–185 MBq/mg (3–5 mCi/mg) and 37–111
MBq/mg (1–3 mCi/mg), respectively, using methods previously de-
scribed (19). Production and purification of205,6Bi were performed at
the National Institutes of Health (NIH) using a CS30 cyclotron with
protons at 24–25 MeV (20). T101 was also conjugated with dode-
canetetraacetic acid (DOTA) and labeled with203Pb at specific activ-
ities of 74 MBq/mg (2 mCi/mg) (21,22). 203Pb-Chloride was obtained
from Mount Sinai Medical Center (Miami, FL) and purified (19,23).
For astatine labeling,N-succinimidyl N-(4-tributylstannylphenethyl)
succinamate (SAPS) was first reacted with211At and then purified and
conjugated to the T101 antibody at specific activities of 37–111
MBq/mg (1–3 mCi/mg). The211At was made at NIH using a209Bi
(a,2n) 211At reaction and separated and purified (24).

The stability of the various chelates for the radiometals used in
vitro or in vivo has been described (22,25–27). Astatine-labeled
antibodies using SAPS are stable in serum (unpublished data).

CD5 Positive Cells
In this study, normal PBMNC and MOLT-4, a human acute

lymphocytic leukemia nonadherent tumor cell line, were used. The
PBMNC were obtained from heparinized peripheral venous blood
of healthy adults that was suspended in phosphate-buffered saline
(1:2) and purified by Ficoll-Hypaque density gradient (LSM den-
sity gradient, Litton Bionetics, Kensington, MD) centrifugation.
The resulting mononuclear cells were washed twice with phos-

phate-buffered saline (PBS) and resuspended in RPMI 1640 me-
dium (Life Technologies Inc., Grand Island, NY) supplemented
with 10% fetal calf serum (FCS; Life Technologies Inc.) (6).
Typically, PBMNC resulting from these purifications have approx-
imately 70% T-cells. MOLT-4 was also grown in RPMI 1640
medium with 10% FCS at 37°C in a moist atmosphere with 5%
CO2 and cells were used while they were in log phase growth.

Immunoreactivity
The immunoreactivity of the various radiolabeled T101 prepa-

rations was determined using a single point modified cell binding
assay at antigen excess (28). In brief, 5 ng radiolabeled T101 were
incubated with 5,000,000 PBMNC cells for 2 h at 4°C and the
cell-associated activity was separated and counted. Nonspecific
binding was determined by adding 25mg unlabeled T101.

Cell Binding, Internalization, and Catabolism
of Radiolabeled Antibody

Target cells were washed in cold PBS and pelleted by centrif-
ugation. The radiolabeled antibody was added to the cell pellets at
a ratio of 1mg antibody per 107 cells in a volume of 1 mL and
incubated at 4°C for 1 h. After the 1-h incubation, the cells were
washed twice with cold PBS to remove the unbound radioactivity.
Aliquots containing 13 106 labeled cells were plated in 1 mL RPMI
1640 medium in microtiter plates, warmed to 37°C in a humidified
5% CO2 incubator for 0, 1, 2, 4, and 8 h (up to 24 h for the MOLT-4
cell line), and assayed for cell-associated radioactivity and supernatant
radioactivity. All time points were done in duplicate ortriplicate and
all assays were repeated on at least 2 separate occasions, with the
exception of203Pb (because of its limited availability).

The internalized cell-associated fraction was determined with
an acid wash method (29). Cell suspensions were centrifuged and
the supernatant removed. After centrifugation, the cells were re-
suspended in 0.5 mL cold acid wash buffer (0.028 mol/L sodium
acetate, 0.12 mol/L NaCl, 0.02 mol/L sodium barbital; pH 3.0).
After a 6-min incubation period on ice, the cell suspension was
centrifuged to separate the acid-soluble cell surface activity (su-
pernatant) and the intracellular acid-resistant radioactivity (cell
pellet) (29).

The extent of degradation of the radiolabeled mAb in the
supernatant was evaluated. Culture supernatants (0.1 mL) were
mixed with 0.5 mL methanol for 10 min to precipitate protein-
bound radioactivity. After centrifugation, the radioactivity in the
pellets (methanol precipitable) and supernatants (methanol solu-
ble) was counted. Methanol precipitation was used rather than
TCA precipitation because of reports of precipitation of astatide
with the TCA, but not with methanol (30). In addition, methanol
was preferred because Pb(II) in DOTA is also acid labile and could
dissociate from the complex under acidic conditions.

Percoll gradient fractionation of organelles was performed. Cell
aliquots were suspended inN-tris[hydroxymethyl]methyl-2-amino-
ethanesulfonic acid (TES) buffer (10 mmol/L triethanolamine,
0.25 mol/L sucrose; pH 7.5), disrupted with a Dounce homoge-
nizer (monitored under microscopy), and sedimented for 10 min at
250g to remove nuclei and unbroken cells. The supernatant (0.8
mL) was layered on the surface of 20% solution of Percoll in TES
buffer (7.2 mL) and centrifuged at 4°C for 60 min at 20,000g.
Serial 0.5 mL fractions were collected from the top and assayed for
radioactivity and for lysosomal galactosidase activity (10).
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Statistical Analysis
Selected time points were compared using ANOVA and differ-

ences between 2 radionuclides were compared using the 2-tailed,
unpairedt test.

RESULTS

The immunoreactivity of the T101 radiolabeled with the
various radionuclides showed high and specific bindability
to target cells. Bindings to PBMNC are shown in Table 1.
More than 70% of total added radioactivity bound to the
cells and this binding was inhibited to low levels (,5%)
with the addition of 25mg unlabeled T101.

The catabolism of radiolabeled T101 antibodies by
PBMNC and the fate of the radiolabels are shown in Figure
1. Large differences were seen in the cellular retention of
the various radionuclides. As shown in Figure 1, the125I
cell-associated radioactivity decreased rapidly when incu-
bated at 37°C, from.95% at the beginning to 87.58%6
0.62%, 40.93%6 0.81%, and 11.72%6 0.61% of the
original cell-bound125I activity at 1, 4, and 8 h, respectively.
The 125I in the supernatant increased accordingly and con-

sisted mainly of non–methanol-precipitable125I, consistent
with small-molecular-weight products from a catabolized
antibody. Although quantitatively different,211At-T101 ca-
tabolism showed a pattern similar to that of125I (Fig. 1),
with rapid release from the cells: 74.28%6 1.05%,
57.05% 6 0.75%, and 28.59%6 0.83% remained cell-

TABLE 1
Immunoreactivity of 5 Radiolabeled T101s with PBMNC

Nuclide Total binding (%) Nonspecific binding* (%)

125I 73.19 6 0.62 1.65 6 0.07
111In 81.13 6 0.55 0.99 6 0.23
205,6Bi 79.49 6 3.14 0.53 6 0.18
211At 71.73 6 2.15 4.15 6 0.36
203Pb 82.19 6 3.53 0.95 6 0.15

*Nonspecific binding is after addition of 25 mg unlabeled T101
antibody.

Data are expressed as percentage of total radioactivity added to
5 3 106 PBMNC after incubation for 2 h at 4°C.

FIGURE 1. Retention and release of 125I-,
211At-, 111In-, 205,6Bi-, and 203Pb-labeled T101
by PBMNC were determined. PBMNC (106)
were incubated with 100 ng trace-labeled
T101 at 4°C for 1 h and then washed, placed
in fresh culture medium, and incubated at
37°C for 0, 1, 2, 4, and 8 h before quantifying
amounts of cell-associated radioactivity
and amount released into supernatant. Su-
pernatant radioactivity was fractionated
into methanol-precipitable noncatabolized
component and methanol-soluble catabo-
lized fraction. SD bars are plotted for rep-
licates but are too small to be visualized for
most time points.
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associated after incubation at 37°C for 1, 4, and 8 h, respec-
tively. The majority of the released211At was also in a
non–protein-bound form. In contrast, the111In-, 205,6Bi-, and
203Pb-radiolabeled T101 showed prolonged retention of
these radiolabels by the PBMNC (Fig. 1). The cell-associ-
ated activity was 85.34%6 0.69% and 89.10%6 0.69%
for 111In and205,6Bi, respectively, after incubation for 8 h at
37°C. This was significantly higher than the retention of125I
or 211At (P , 0.0001 for 125I or 211At vs. either 111In or
205,6Bi). In the case of the metallic radionuclides, a grossly
similar fraction of radioactivity was found in the protein-
bound component as in the non–protein-bound fraction;
however, for125I- and 211At-T101, the amount in the non–
protein-bound fraction was much higher in the supernatant.

Although quantitatively different, the trends of MOLT-4
cell retention and release of radioactivity into the superna-
tant for all 5 radionuclides were similar to those of PBMNC
(Fig. 2). The retention of111In, 203Pb, and205,6Bi by MOLT-4
malignant cells was high and in the range seen for PBMNC.
The retention of125I and 211At decreased when incubated at
37°C (Fig. 2). Accordingly, the amount of activity of both

125I and211At increased in the supernatant of MOLT-4 cells,
predominantly in the form of non–protein-bound radioac-
tivity.

The acid-resistant fraction represents the percentage of
radioactivity that is internalized and retained inside the cell
after the radiolabeled T101 is allowed to bind to the cell
surface. The results with PBMNC are shown in Figure 3.
Before incubation at 37°C, the acid-resistant fractions were
similar among the different radiolabels and most of the
cell-associated radioactivity was on the cell surface and,
therefore, removable with the acidic solution. One hour
after incubation, the acid-resistant fraction increased. For
111In, 203Pb, and205,6Bi, the amount continued to increase
and started to level off at 2 h, reflecting the rapid internal-
ization of the radiolabeled T101 and the cell retention of
these radionuclides. In contrast,125I and 211At showed a
decrease in cellular retention after 2 h, reflecting the inter-
nalization, antibody catabolism, and subsequent release of
the radionuclides.

The cellular distribution of the various radionuclides was
determined by Percoll gradient centrifugation after the cells

FIGURE 2. Retention and release of var-
ious g- and a-emitter–labeled T101s by
MOLT-4 cell line were determined as de-
scribed for Figure 1.

CELLULAR RETENTION OF a-EMITTERS • Yao et al. 1541



were disrupted (Fig. 4). The radioactivity in the high-den-
sity lysosomal fraction (No. 14) increased 1 h after incuba-
tion for all preparations. The radioactivity in this fraction
remained high throughout the 8-h period examined for the
111In, 203Pb, and205,6Bi radiolabels, but decreased with125I
and211At.

DISCUSSION

The variable retention of radionuclides by target and
nontarget cells has been recognized to be dependent on the
radionuclides (6,7,31). In particular, with a rapidly internal-
izing antibody, cell retention of radionuclides is an impor-
tant issue and may make the difference between an effective
and ineffective antibody-based therapy (7). In addition,
even for slowly internalizing antibodies, the retention of
radioactivity varies depending on the radionuclide. With the
developing interest in the use ofa-emitting radionuclides
for therapy (32–34), understanding their fate is important
once internalization occurs because release from the target
cells could result in unwanted localization and toxicity and
in less dose being delivered to the target cells. The fate of
the most promisinga-emitting radionuclides, 2 of which are

currently in clinical trials, was studied (32,33). Their catab-
olism was compared with that of111In- and 125I-labeled
T101, which are excellent prototypes of radiolabeled anti-
bodies that have been evaluated both in vitro and in vivo
(6,7). These111In- and 125I-mAbs have shown large differ-
ences in radionuclide retention by targeted cells and there-
fore were used as a baseline comparison of the 2 extremes.
Because of the short half-life or availability of212Bi, 213Bi,
and212Pb,205,6Bi and 203Pb were chosen as surrogate mark-
ers for these respective radionuclides.

This study showed rapid internalization of radiolabeled
T101, as evidenced by the high cell-associated radioactivity
over time of the radiometal isotopes (Figs. 1–3) and the lack
of radioactivity released when an acid wash was used to
remove cell surface radioactivity (Fig. 3). Further evidence
of internalization was the high percentage of125I and 211At
present in the supernatants derived from catabolized anti-
body (Figs. 1 and 2). We used an acid wash buffer that was
relatively mild (29) compared with that used by others (35)
to minimize cell lysis. It is possible that this milder buffer
resulted in less cell lysis and also less release from the cell
surface than would have resulted from the use of other,
harsher buffers.

Previous studies have shown that iodine from directly
iodinated antibodies was rapidly released from cells when
the antibody was catabolized, whereas radiometals such as
111In, 90Y, and 177Lu were retained once internalized. As
expected, the chelated205,6Bi and203Pb behaved similarly to
111In. In PBMNC, the205,6Bi and 203Pb radiometals showed
little release from the cells. This pattern was similar to that
observed with MOLT-4 cells. Some differences in quanti-
tative rates of internalization and catabolism were expected
because differences in internalization rates for PBMNC and
malignant cells have been described with T101 (16,36) and
with other antibodies (37).

The release of211At from the cells (Figs. 1 and 2) was
significantly faster than that of205,6Bi, particularly in the
PBMNC (Fig. 1). The activity released appeared in the
supernatant predominantly in the form of non–protein-
bound activity, indicating catabolism. This pattern was sim-
ilar to that of125I-T101, although211At is retained in slightly
greater amounts than125I. These results indicate that, similar
to 125I-T101, 211At-T101 undergoes catabolism after inter-
nalization and the radionuclides are rapidly released from
the cells. Previous studies evaluating the internalization and
catabolism of211At-labeled anti–epidermal growth factor
receptor mAb and the iodinated counterpart have also
shown evidence of internalization and release of catabolites
into the supernatant, although in that case the release of
211At was greater than that of125I (30). This contrasts with
the radiometals in which those radionuclides are retained for
a prolonged period within the cells.

Our subcellular localization studies showed that, over
time, the radionuclides migrated into the lysosomal fraction,
where progressive accumulation of the radiometals was
observed. In contrast, for125I and 211At, selective accumu-

FIGURE 3. Percentage (mean 6 SD) of acid-resistant to total
cell-bound radioactivity for radiolabeled T101 by PBMNC. La-
beled T101 was allowed to bind to PBMNC at 4°C for 1 h to
obtain surface labeling with minimal internalization. Aliquots of
106 cells were then placed into separate tubes and supernatants
were separated from cells. Immediately after separation, cells
underwent acid wash and acid-resistant radioactivity was de-
termined by counting cell pellets after centrifugation. This pro-
cedure was repeated at various times after transferring cell
aliquots to incubator at 37°C. Acid-resistant fraction was deter-
mined by dividing activity in cell pellet after acid wash by total
activity on cell after 1 h of incubation at 4°C.
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lation does not occur in the lysosomes because of the rapid
release of the125I and 211At during catabolism of the radio-
labeled mAb. Although several reports show routing to
lysosomes with retention of radiometals in them, others
have reported accumulation of99mTc in the cytoplasm (38).
Because the main purpose of this study was to determine the
retention of the different radionuclides within targeted cells,
detailed analysis to determine the chemical nature of the
catabolites was not performed.

These studies suggest that, for internalizing antibodies,
CHX-A0-DPTA or -DOTA conjugates used for bismuth or
lead isotopes, respectively, are adequate and would result in
long retention of the tracer in the target cells. Although this
may not be as important for short-lived radionuclides like
213Bi, it may be significant for longer-lived radionuclides
like 211At and 212Pb. Although 203Pb showed prolonged
intracellular retention, it is theoretically possible that when

212Pb decays to its212Bi daughter, the212Bi is released from
the chelate. Whether212Bi released from the chelate would
be retained intracellularly was not evaluated in this study. In
contrast, as with125I, the 211At labeling method is subopti-
mal with internalizing antibodies and would result in rapid
release of the isotope from the target cells if internalized (7).
This study indicates that alternative labeling strategies for
211At should be pursued. This would be analogous to the
pursuit of dilactitol-tyramine labeling for iodinated antibod-
ies that resulted in much longer cellular retention (39,40).

CONCLUSION

The 211At-antibody labeled using SAPS conjugation be-
haved similarly to the125I-labeled antibody, with rapid
release of the label from targeted cells after internalization,
whereas radiometala-emitters showed prolonged retention

FIGURE 4. Intracellular distribution of
125I-, 211At-, 111In-, 205,6Bi-, and 203Pb-la-
beled T101 in PBMNC. PBMNC incubated
with radiolabeled T101 were suspended in
TES buffer and disrupted. Cell nuclei and
unbroken cells were removed by centrifu-
gation at 250g. Supernatants were applied
to Percoll/TES buffer and ultracentrifuged
at 4°C for 60 min at 20,000g. Serial 0.5 mL
fractions were collected from top and
counted for radioactivity. Early fractions
represent activity on cell surface and late
fractions represent activity in lysosomes
(fraction 14). Location of lysosome fraction
was confirmed using enzyme marker b-ga-
lactosidase (data not shown).
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within target cells and thus were more likely to deliver a
larger therapeutic dose to the target tissue. These findings,
together with other previous reports, suggest that, as a
group, similar radiometals attached to mAbs through an
appropriately stable chelating agent will be retained intra-
cellularly.

ACKNOWLEDGMENT

The authors thank Dr. Martin W. Brechbiel for providing
advice and expertise regarding thea-emitters and for com-
ments on the article, Dr. Meili Zhang for technical assis-
tance, discussion, and comments on the article, and Paul
Plascjak for production of astatine and bismuth.

REFERENCES

1. Carrasquillo JA, White JD, Paik CH, et al. Similarities and differences in111In-
and90Y-labeled 1B4M-DTPA antiTac monoclonal antibody distribution.J Nucl
Med. 1999;40:268–276.

2. Carrasquillo JA. Radioimmunotherapy of leukemia and lymphoma. In: Wagner
H, ed.Principles of Nuclear Medicine. 2nd ed. Philadelphia, PA: W.B. Saunders
and Co.; 1996:1117–1132.

3. Larson SM, Macapinlac HA, Scott AM, Divgi CR. Recent achievements in the
development of radiolabeled monoclonal antibodies for diagnosis, therapy and
biologic characterization of human tumors.Acta Oncol. 1993;32:709–715.

4. McDevitt MR, Sgouros G, Finn RD, et al. Radioimmunotherapy with alpha-
emitting nuclides.Eur J Nucl Med. 1998;25:1341–1351.

5. Macklis RM, Kaplan WD, Ferrara JL, et al. Alpha particle radio-immunotherapy:
animal models and clinical prospects.Int J Radiat Oncol Biol Phys. 1989;16:
1377–1387.

6. Naruki Y, Carrasquillo JA, Reynolds JC, et al. Differential cellular catabolism of
111In, 90Y and 125I radiolabeled T101 anti-CD5 monoclonal antibody.Int J Rad
Appl Instrum B. 1990;17:201–207.

7. Carrasquillo JA, Mulshine JL, Bunn PA Jr, et al. Indium-111 T101 monoclonal
antibody is superior to iodine-131 T101 in imaging of cutaneous T-cell lym-
phoma.J Nucl Med. 1987;28:281–287.

8. Shih LB, Thorpe SR, Griffiths GL, et al. The processing and fate of antibodies
and their radiolabels bound to the surface of tumor cells in vitro: a comparison of
nine radiolabels.J Nucl Med. 1994;35:899–908.

9. Geissler F, Anderson SK, Press O. Intracellular catabolism of radiolabeled
anti-CD3 antibodies by leukemic T cells.Cell Immunol. 1991;137:96–110.

10. Press OW, Shan D, Howell-Clark J, et al. Comparative metabolism and retention
of iodine-125, yttrium-90, and indium-111 radioimmunoconjugates by cancer
cells.Cancer Res. 1996;56:2123–2129.

11. Rogers BE, Franano FN, Duncan JR, et al. Identification of metabolites of
111In-diethylenetriaminepentaacetic acid-monoclonal antibodies and antibody
fragments in vivo.Cancer Res. 1995;55(suppl):5714s-5720s.

12. Duncan JR, Welch MJ. Intracellular metabolism of indium-111-DTPA-labeled
receptor targeted proteins.J Nucl Med. 1993;34:1728–1738.

13. Royston I, Majda JA, Baird SM, Meserve BL, Griffiths JC. Human T cell
antigens defined by monoclonal antibodies: the 65,000-dalton antigen of T cells
(T65) is also found on chronic lymphocytic leukemia cells bearing surface
immunoglobulin.J Immunol. 1980;125:725–731.

14. Ledbetter JA, Frankel AE, Herzenberg LA, Herzenberg HA. Human Leu T-cell
differentiation antigen: quantitative expression on normal lymphoid cells and cell
lines. In: Research Monographs in Immunology: Monoclonal Antibody and
T-Cell Hybridoma. New York, NY: Elsevier/North-Holland Biomedical Press;
1981.

15. Dillman RO, Beauregard J, Shawler DL, et al. Continuous infusion of T101
monoclonal antibody in chronic lymphocytic leukemia and cutaneous T-cell
lymphoma.J Biol Response Mod. 1986;5:394–410.

16. Schroff RW, Klein RA, Farrell MM, Stevenson HC. Enhancing effects of
monocytes on modulation of a lymphocyte membrane antigen.J Immunol.
1984;133:2270–2277.

17. Shawler DL, Miceli MC, Wormsley SB, Royston I, Dillman RO. Induction of in

vitro and in vivo antigenic modulation by the anti-human T-cell monoclonal
antibody T101.Cancer Res. 1984;44:5921–5927.

18. Hunter WA, Greenwood FC. Preparation of iodine-131 labeled human growth
hormone of high specific activity.Nature. 1962;194:496.

19. Chappell LL, Dadachova E, Milenic DE, Garmestani K, Wu C, Brechbiel MW.
Synthesis, characterization, and evaluation of a novel bifunctional chelating agent
for the lead isotopes203Pb and212Pb.Nucl Med Biol. 2000;27:93–100.

20. Lagunas-Solar MC, Carvacho OF, Nagahara L, Mishra A, Parks NJ. Cyclotron
production of no-carrier-added206Bi (6.24 d) and205Bi (15.31 d) as tracers for
biological studies and for the development of alpha-emitting radiotherapeutic
agents.Int J Radiat Appl Instrum. 1987;38:129–137.

21. Horak E, Hartmann F, Garmestani K, et al. Radioimmunotherapy targeting of
HER2/neu oncoprotein on ovarian tumor using lead-212-DOTA-AE1.J Nucl
Med. 1997;38:1944–1950.

22. Milenic DE, Roselli M, Brechbiel MW, et al. In vivo evaluation of a lead-labeled
monoclonal antibody using the DOTA ligand.Eur J Nucl Med. 1998;25:471–
480.

23. Henriksen G, Hoff P. Isolation of cyclotron produced205Bi, 206Bi and203Pb using
a lead-selective extraction chromatographic resin.Appl Radiat Isot. 1998;49:357–
359.

24. Schwarz UP, Plascjak P, Beitzel MP, Gansow OA, Eckelman WC, Waldmann
TA. Preparation of211At-labeled humanized anti-Tac using211At produced in
disposable internal and external bismuth targets.Nucl Med Biol. 1998;25:89–93.

25. Camera L, Kinuya S, Garmestani K, et al. Evaluation of the serum stability and
in vivo biodistribution of CHX-DTPA and other ligands for yttrium labeling of
monoclonal antibodies.J Nucl Med. 1994;35:882–889.

26. Camera L, Kinuya S, Pai LH, et al. Preclinical evaluation of111In-labeled B3
monoclonal antibody: biodistribution and imaging studies in nude mice bearing
human epidermoid carcinoma xenografts.Cancer Res.1993;53:2834–2839.

27. Milenic DE, Roselli M, Mirzadeh S, et al. In vivo evaluation of bismuth-labeled
monoclonal antibody comparing DTPA-derived bifunctional chelates.Cancer
Biother Radiopharm. 2001;16:133–146.

28. Lindmo T, Boven E, Cuttitta F, Fedorko J, Bunn PA Jr. Determination of the
immunoreactive fraction of radiolabeled monoclonal antibodies by linear extrap-
olation to binding at infinite antigen excess.J Immunol Methods. 1984;72:77–89.

29. Pardridge WM, Eisenberg J, Yamada T. Rapid sequestration and degradation of
somatostatin analogues by isolated brain microvessels.J Neurochem. 1985;44:
1178–1184.

30. Reist CJ, Foulon CF, Alston K, Bigner DD, Zalutsky MR. Astatine-211 labeling
of internalizing anti-EGFRvIII monoclonal antibody usingN-succinimidyl
5-[211At-]astato-3-pyridinecarboxylate.Nucl Med Biol. 1999;26:405–411.

31. Yokoyama K, Carrasquillo JA, Chang AE, et al. Differences in biodistribution of
indium-111-and iodine-131-labeled B72.3 monoclonal antibodies in patients with
colorectal cancer.J Nucl Med. 1989;30:320–327.

32. Zalutsky MR, Bigner DD. Radioimmunotherapy with alpha-particle emitting
radioimmunoconjugates.Acta Oncol. 1996;35:373–379.

33. Sgouros G, Ballangrud AM, Jurcic JG, et al. Pharmacokinetics and dosimetry of
an alpha-particle emitter labeled antibody:213Bi-HuM195 (anti-CD33) in patients
with leukemia.J Nucl Med. 1999;40:1935–1946.

34. Nikula TK, McDevitt MR, Finn RD, et al. Alpha-emitting bismuth cyclohexyl-
benzyl DTPA constructs of recombinant humanized anti-CD33 antibodies: phar-
macokinetics, bioactivity, toxicity and chemistry.J Nucl Med. 1999;40:166–76.

35. Ong GL, Mattes MJ. Limitations in the use of low pH extraction to distinguish
internalized from cell surface-bound radiolabeled antibody.Nucl Med Biol.
2000;27:571–575.

36. Shawler DL, Glassy MC, Wormsley SB, Royston I. Alterations in cell surface
phenotype of T- and B-cell chronic lymphocytic leukemia cells following in vitro
differentiation by phorbol ester.J Natl Cancer Inst. 1984;72:1059–1063.

37. Kyriakos RJ, Shih LB, Ong GL, Patel K, Goldenberg DM, Mattes MJ. The fate
of antibodies bound to the surface of tumor cells in vitro.Cancer Res. 1992;52:
835–842.

38. Karacay H, Ong GL, Hansen HJ, Griffiths GL, Goldenberg DM, Mattes MJ. In-
tracellular processing of99mTc-antibody conjugates.Nucl Med Commun. 1998;
19:971–979.

39. Mattes MJ, Shih LB, Govindan SV, et al. The advantage of residualizing
radiolabels for targeting B-cell lymphomas with a radiolabeled anti-CD22 mono-
clonal antibody.Int J Cancer. 1997;71:429–435.

40. Stein R, Goldenberg DM, Thorpe SR, Basu A, Mattes MJ. Effects of radiolabel-
ing monoclonal antibodies with a residualizing iodine radiolabel on the accretion
of radioisotope in tumors.Cancer Res. 1995;55:3132–3139.

1544 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 42 • No. 10 • October 2001


