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Monoclonal antibodies (mAbs) labeled with a-emitting radionu-
clides such as 2''At, 22Bi, 2'3Bi, and 2'?Pb (which decays by
B-emission to its a-emitting daughter, 22Bi) 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
125- and ""In-labeled T101. T101 was labeled with 2'1At, 29|,
2056Bj, 1MIn, and 2%Pb. 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, 2056Bi, 293Pb, and '''In radio-
labels were retained in the cell, with little decrease of cell-associ-
ated radioactivity. However, 21"At and 25| were released from cells
rapidly (2''At < 125]) 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: 2''At catabolism and release
from cells were somewhat similar to that of 1251, whereas 2°6Bj and
203Ph showed prolonged cell retention similar to that of 1'1In. 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 a8% and 34, have been widely
used (3.

Compared witlB-emitters a-emitters are more attractive
for certain radioimmunotherapeutic applicatiorsEmit-
ters have several advantages ogeemitters, including
higher linear energy transfer (which results in a relative
biologic effectiveness of 5-20 times that pfparticles);
reduced nonspecific irradiation to normal tissues around
target cells because of their shorter pathlengths (60-100
pm); 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 fromradiation 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 anétlin (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!in-diethylenetria
minepentaacetic acid (DTPA) conjugated protein is retained
within cells, probably within lysosome$,10 primarily as
the lysine adduct, because of the cleavage of peptide bonds
(11,12.

The fates of various radionuclideS¥n, 129, 20y, 99T c)
attached to mAbs have been evaluated in in vitro cell
systems after internalizatior6,0,10. In some instances,
these in vitro studies have been shown to be predictive of
results in humans7j. In contrasta-emitters have not been
adequately assessed. In this study, we usedxtheitters
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211At, 203Pp (surrogate fottPh that decays #82Bi), and?%>Bi  phate-buffered saline (PBS) and resuspended in RPMI 1640 me-
(surrogate forr8Bi and 23Bi) to radiolabel mAb T101 and dium (Life Technologies Inc., Grand Island, NY) supplemented
compared their internalization, metabolism, and retention witith 10% fetal calf serum (FCS; Life Technologies Incg).(
those of?3- and!!in-labeled T1012!%h is the parent G£Bi Typically, PBMNC resulting from these purifications have approx-
and has been used as an in vivo generator to delivadiation Mately 70% T-cells. MOLT-4 was also grown in RPMI 1640
through its daughter. Radioimmunoassay and Percoll gradiifdium with 10% FCS at 37°C in a moist atmosphere with 5%
fractionation of cell organelles were used to test whether tf&z and cells were used while they were in log phase growth.
retention of radioactivity was caused by lysosomal trapmqgmunoreactivity

of the radiometal-containing metabolites. The immunoreactivity of the various radiolabeled T101 prepa-

rations was determined using a single point modified cell binding
MATERIALS AND METHODS assay at antigen exces8). In brief, 5 ng radiolabeled T101 were
mAb and Radiolabeling incubated with 5,000,000 PBMNC cellsrf@ h at 4°C and the
T101 is an IgG, murine mAb specific for the CD5 antigeh3), cell-associated activity was separated and counted. Nonspecific
which is a 65-kDa pan T-cell antigen expressed on normal Binding was determined by adding 2% unlabeled T101.
lymphocytes and T-cell malignancies, with 30,000-180,000 sites
per cell (L4). This antibody is known to modulate rapidly once itCell Binding, Internalization, and Catabolism
binds to the CD5 on the cell surface, resulting in rapid internabf Radiolabeled Antibody
ization of the radiolabeled antibody. Modulation occurs in vivo Target cells were washed in cold PBS and pelleted by centrif-
and in vitro in malignant cell lines as well as in normal peripheralgation. The radiolabeled antibody was added to the cell pellets at
blood mononuclear cells (PBMNC1%-17. a ratio of 1pg antibody per 10cells in a volume of 1 mL and
The T101 was purified from hybridoma ascites (Hybritech Inciacubated at 4°C for 1 h. After the 1-h incubation, the cells were
La Jolla, CA) and was radiolabeled with various radionuclidegyashed twice with cold PBS to remove the unbound radioactivity.
including ?*At, 205Bi (surrogate for?'?Bi and #1Bi), and *°Pb  Ajiquots containing 1x 10° labeled cells were plated in 1 mL RPMI
(surrogate foF*#b). For comparison with previous studies, T103640 medium in microtiter plates, warmed to 37°C in a humidified
was also radiolabeled with?d and *in. 124 and *in were g CQ incubator for 0, 1, 2, 4, ah8 h (up to 24 h for the MOLT-4
obtained from New England Nuclear Life Science Products (BOggj| jine), and assayed for cell-associated radioactivity and supernatant
ton, MA). We directly radioiodinated T101 wit at a specific radioactivity. All time points were done in duplicatetaplicate and

agtmty of 185-370 MBg/mg (5-10 mCi/mg) using the chlora-a” assays were repeated on at least 2 separate occasions, with the
mine-T method 18). The nonbound*?d was removed by gel . o L o
exception ofP%Pb (because of its limited availability).

filtration chromatqgraphy. The radloact_lvny of these prepgratlons The internalized cell-associated fraction was determined with
was >95% protein bound, as determined by instant thin-layer ; . .
chromatography or trichloroacetic acid (TCA) precipitation. an acid wash methocg). Cell suspens_lons yvere centrifuged and
The T101 was conjugated with[(R)-2-amino-3-(p-isothiocyana- the superna_tant removed. Aﬁer centrifugation, the cells were re-
tophenyl)propyl]-trans&9)-cyclohexane-1,2-diaminkN,N' N’ N""- suspended in 0.5 mL cold acid wash buffe.r (0.028 moI/L sodium
pentaacetic acid (CHX-ADTPA) and labeled withlin or 205j at ~ acetate, 0.12 mol/L NaCl, 0.02 mol/L sodium barbital; pH 3.0).
specific activities of 111-185 MBg/mg (3-5 mCi/mg) and 37_114\fter a 6-min incubation period on ice, the cell suspension was
MBg/mg (1-3 mCi/mg), respectively, using methods previously dé€ntrifuged to separate the acid-soluble cell surface activity (su-
scribed (9). Production and purification 3#5®Bi were performed at Pernatant) and the intracellular acid-resistant radioactivity (cell
the National Institutes of Health (NIH) using a CS30 cyclotron witipellet) @9).
protons at 24—25 MeV20). T101 was also conjugated with dode- The extent of degradation of the radiolabeled mAb in the
canetetraacetic acid (DOTA) and labeled viR#Pb at specific activ. supernatant was evaluated. Culture supernatants (0.1 mL) were
ities of 74 MBg/mg (2 mCi/mg)Z1,29. 293Pb-Chloride was obtained mixed with 0.5 mL methanol for 10 min to precipitate protein-
from Mount Sinai Medical Center (Miami, FL) and purifieti23. bound radioactivity. After centrifugation, the radioactivity in the
For astatine labelingN-succinimidyl N-(4-tributylstannylphenethyl) pellets (methanol precipitable) and supernatants (methanol solu-
succinamate (SAPS) was first reacted ¥ifiAt and then purified and ble) was counted. Methanol precipitation was used rather than
conjugated to the T101 antibody at specific activities of 37-1HCA precipitation because of reports of precipitation of astatide
MBg/mg (1-3 mCi/mg). Thé''At was made at NIH using #%Bi  with the TCA, but not with methanoB(). In addition, methanol
(oe,2n) #1At reaction and separated and purifid)( was preferred because Pb(ll) in DOTA is also acid labile and could
The stability of the various chelates for the radiometals used §issociate from the complex under acidic conditions.
vitro or in vivo has been describe@Z,25-2]. Astatine-labeled  percol| gradient fractionation of organelles was performed. Cell
antibodies using SAPS are stable in serum (unpublished data)aliquots were suspended N-tris[hydroxymethyljmethyl-2-amino-
CD5 Positive Cells ethanesulfonic acid (TES) buffer (10 mmol/L triethanolamine,

In this study, normal PBMNC and MOLT-4, a human acut®-25 mol/L sucrose; pH 7.5), disrupted with a Dounce homoge-
lymphocytic leukemia nonadherent tumor cell line, were used. THézer (monitored under microscopy), and sedimented for 10 min at
PBMNC were obtained from heparinized peripheral venous blo@®® to remove nuclei and unbroken cells. The supernatant (0.8
of healthy adults that was suspended in phosphate-buffered salifle) was layered on the surface of 20% solution of Percoll in TES
(1:2) and purified by Ficoll-Hypaque density gradient (LSM denbuffer (7.2 mL) and centrifuged at 4°C for 60 min at 20,900
sity gradient, Litton Bionetics, Kensington, MD) centrifugationSerial 0.5 mL fractions were collected from the top and assayed for
The resulting mononuclear cells were washed twice with phosadioactivity and for lysosomal galactosidase activit@)(
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Statistical Analysis TABLE 1
Selected time points were compared using ANOVA and differ-Immunoreactivity of 5 Radiolabeled T101s with PBMNC
ences between 2 radionuclides were compared using the 2-tailed;

unpairedt test. Nuclide Total binding (%) Nonspecific binding* (%)
125) 73.19 = 0.62 1.65 + 0.07
RESULTS M 81.13 + 0.55 0.99 = 0.23

. - . . 205.6Bj 79.49 = 3.14 0.53 = 0.18
The immunoreactivity of the T101 radiolabeled with the 211At' 7173 + 215 415 + 0.36

various radionuclides showed high and specific bindability 20spp 82.19 + 3.53 0.95 + 0.15

to target cells. Bindings to PBMNC are shown in Table 1.

More than 7.0%. Of.tOtal adc.ied. r_ad|oact|V|ty bound to theTnspecific binding is after addition of 25 pg unlabeled T101

cells and this binding was inhibited to low levels§%) ,ninoqy.

with the addition of 2519 unlabeled T101. Data are expressed as percentage of total radioactivity added to
The catabolism of radiolabeled T101 antibodies by x 10® PBMNC after incubation for 2 h at 4°C.

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, #h&¢ sisted mainly of non—methanol-precipitaBFél, consistent

cell-associated radioactivity decreased rapidly when incwith small-molecular-weight products from a catabolized

bated at 37°C, from>95% at the beginning to 87.58% antibody. Although quantitatively differem!At-T101 ca

0.62%, 40.93%=* 0.81%, and 11.72%*- 0.61% of the tabolism showed a pattern similar to that 6% (Fig. 1),

original cell-bound? activity at 1, 4, and 8 h, respectively.with rapid release from the cells: 74.28% 1.05%,

The 29 in the supernatant increased accordingly and-coB7.05% = 0.75%, and 28.59%" 0.83% remained cell-
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FIGURE 1. Retention and release of 25I-, Hours
211At-, 11n-, 2056Bj-, and 20%Pb-labeled T101
by PBMNC were determined. PBMNC (10) 23pp
were incubated with 100 ng trace-labeled pig
T101 at 4°C for 1 h and then washed, placed . —
in fresh culture medium, and incubated at ‘g 70 |
37°Cfor0, 1, 2, 4, and 8 h before quantifying ‘g 60 —®—cll associated
amounts of cell-associated radioactivity | & 1 T e
and amount released into supernatant. Su- E ’;24 e
pernatant radioactivity was fractionated 2 )
into methanol-precipitable noncatabolized |
component and methanol-soluble catabo-
lized fraction. SD bars are plotted for rep- ° 2 4 6 8 10
licates but are too small to be visualized for Hours
most time points.
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associated after incubation at 37°C for 1, 4, and 8 h, respé® and?'At increased in the supernatant of MOLT-4 cells,
tively. The majority of the released'At was also in a predominantly in the form of non—protein-bound radioac-
non—protein-bound form. In contrast, tHéin-, 205Bi-, and tivity.
203pp-radiolabeled T101 showed prolonged retention of The acid-resistant fraction represents the percentage of
these radiolabels by the PBMNC (Fig. 1). The cell-assodiadioactivity that is internalized and retained inside the cell
ated activity was 85.34% 0.69% and 89.10% 0.69% after the radiolabeled T101 is allowed to bind to the cell
for 1n and2%58i, respectively, after incubation f@ h at surface. The results with PBMNC are shown in Figure 3.
37°C. This was significantly higher than the retentiod?df Before incubation at 37°C, the acid-resistant fractions were
or 21At (P < 0.0001 for®?y or 21At vs. either'ln or similar among the different radiolabels and most of the
20588j). In the case of the metallic radionuclides, a grosslgell-associated radioactivity was on the cell surface and,
similar fraction of radioactivity was found in the protein-therefore, removable with the acidic solution. One hour
bound component as in the non—protein-bound fractioafter incubation, the acid-resistant fraction increased. For
however, for'?4- and 21'At-T101, the amount in the non—4n, 29%Ph, and?°>Bi, the amount continued to increase
protein-bound fraction was much higher in the supernataand started to level off at 2 h, reflecting the rapid internal-
Although quantitatively different, the trends of MOLT-4ization of the radiolabeled T101 and the cell retention of
cell retention and release of radioactivity into the superntiese radionuclides. In contrasgd and 21!At showed a
tant for all 5 radionuclides were similar to those of PBMNGlecrease in cellular retention after 2 h, reflecting the inter-
(Fig. 2). The retention oftlin, 2°%Pb, and?®>Bi by MOLT-4 nalization, antibody catabolism, and subsequent release of
malignant cells was high and in the range seen for PBMN@e radionuclides.
The retention of?4 and?!*At decreased when incubated at The cellular distribution of the various radionuclides was
37°C (Fig. 2). Accordingly, the amount of activity of bothdetermined by Percoll gradient centrifugation after the cells
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FIGURE 2. Retention and release of var-
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MOLT-4 cell line were determined as de-
scribed for Figure 1.

1541



100

90 +

80

70 +

= 1

2 60

8 50 —e—1-125
T —o—in-1m
S w1 —0—Ar-211
82 —mPb-203

30 —&— Bi-205,6

20 +

0 2 4 6 8 10
Hours after incubation

FIGURE 3. Percentage (mean * 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
108 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.

currently in clinical trials, was studie®2,33. Their catab-
olism was compared with that dflin- and !?9-labeled
T101, which are excellent prototypes of radiolabeled anti-
bodies that have been evaluated both in vitro and in vivo
(6,7). TheseMlin- and*?39-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 &#Bi, 213Bi,
and?'?Pb, 2058 and 2°3Pb 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'®f 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 othe5)
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
n, %Y, and 7Lu were retained once internalized. As
expected, the chelatééPBi and2°3Pb behaved similarly to
n. In PBMNC, the?%>®8Bi and 2°Pb 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 T108,89 and

were disrupted (Fig. 4). The radioactivity in the high-deng;iih other antibodies7).

sity lysosomal fraction (No. 14) increaté h after incuba-

The release of'?At from the cells (Figs. 1 and 2) was

tion for all preparations. The radioactivity in this fraCtiorbignificantly faster than that GP5Bi, particularly in the

remained high throughout the 8-h period examined for thes

111, 203Pp, and?%>:Bj radiolabels, but decreased witfH
and21IAt,

DISCUSSION

MNC (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 0f129-T101, althougt**At is retained in slightly
greater amounts tha@?. These results indicate that, similar

The variable retention of radionuclides by target anw 129-T101, 21?At-T101 undergoes catabolism after inter

nontarget cells has been recognized to be dependent onrhization and the radionuclides are rapidly released from
radionuclides§,7,37). In particular, with a rapidly internal- the cells. Previous studies evaluating the internalization and
izing antibody, cell retention of radionuclides is an imporeatabolism of?*!At-labeled anti—epidermal growth factor
tant issue and may make the difference between an effectreeeptor mAb and the iodinated counterpart have also
and ineffective antibody-based therapy).(In addition, shown evidence of internalization and release of catabolites
even for slowly internalizing antibodies, the retention oihto the supernatant, although in that case the release of
radioactivity varies depending on the radionuclide. With th8'At was greater than that 9 (30). This contrasts with
developing interest in the use afemitting radionuclides the radiometals in which those radionuclides are retained for
for therapy 82-34, understanding their fate is importanta prolonged period within the cells.

once internalization occurs because release from the targeDur subcellular localization studies showed that, over
cells could result in unwanted localization and toxicity antime, the radionuclides migrated into the lysosomal fraction,
in less dose being delivered to the target cells. The fate where progressive accumulation of the radiometals was
the most promisingi-emitting radionuclides, 2 of which are observed. In contrast, fd#4 and ?1'At, selective accumu
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lation does not occur in the lysosomes because of the rapiéPb decays to it8'Bi daughter, thé?Bi is released from
release of thé® and ?'?At during catabolism of the radio the chelate. WhethéiBi released from the chelate would
labeled mAb. Although several reports show routing tbe retained intracellularly was not evaluated in this study. In
lysosomes with retention of radiometals in them, othersntrast, as with23, the 211At labeling method is subopti
have reported accumulation ¥f"Tc in the cytoplasm38). mal with internalizing antibodies and would result in rapid
Because the main purpose of this study was to determine te&ase of the isotope from the target cells if internaliz8d (
retention of the different radionuclides within targeted cellShis study indicates that alternative labeling strategies for
detailed analysis to determine the chemical nature of the&At should be pursued. This would be analogous to the
catabolites was not performed. pursuit of dilactitol-tyramine labeling for iodinated antibod-
These studies suggest that, for internalizing antibodiggs that resulted in much longer cellular retentié,40.
CHX-A"-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 thi§ONCLUSION
may not be as important for short-lived radionuclides like The 2'At-antibody labeled using SAPS conjugation be
2138j, it may be significant for longer-lived radionuclideshaved similarly to the!?3-labeled antibody, with rapid
like 21At and 2'2Pb. Although2%%Ph showed prolonged release of the label from targeted cells after internalization,
intracellular retention, it is theoretically possible that whewhereas radiometal-emitters showed prolonged retention
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within target cells and thus were more |ike|y to deliver a Vvitro and in vivo antigenic modulation by the anti-human T-cell monoclonal

larger therapeutic dose to the target tissue. These findings

antibody T101 Cancer Res1984;44:5921-5927.
'Hunter WA, Greenwood FC. Preparation of iodine-131 labeled human growth

together with other previous reports, suggest that, as anormone of high specific activityature 1962;194:496.
group, similar radiometals attached to mAbs through dA. Chappell LL, Dadachova E, Milenic DE, Garmestani K, Wu C, Brechbiel MW.
appropriately stable chelating agent will be retained intra-

cellularly.

20.
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