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were completely eradicated (greater than 6 logs) under
We demonstrated previously that human B-cell ymphomas were ~ conditions in which a nonreactive Ab labeled in the same
effectively and specifically killed in vitro by an antibody to CD74 way produced no significant toxicity_ The toxicity is a
(LLl) linked to !In or other Auger electron emitters. This Study Consequence Of the unusua”y hlgh uptake Of thls Ab, Wlth
was intended to more accurately compare the potency and : :

specificity of 3 Auger electron emitters, 1In, ’Ga, and %I, and to peﬁ'kAubp:_aka approachlhn%li:l.)(;a C%unjts pet mml:]te. (CPM) Per
evaluate B-particle emitters, 131 and °°Y. The unique property of cell. . re.aCtS wit , the mva”ant chain ?SSOC"
LL1 is its high level of intracellular uptake. Methods: Raji ated with the immature MHC class Il antigen, which has
B-lymphoma cells were incubated with serial dilutions of the normal tissue expression primarily on B-lymphocytes and
radiolabeled Abs for 2 d and then monitored for cell growth by 2 macrophage-lineage cell®)( In B-cell lymphomas, this
assalz/s: ? CZ'_' counting assaﬁ’ and a C'_O”O%e”'c assay. The  gntigen is expressed at a relatively low level on the cell
uptake of radioactivity per cell was monitored at various time o\ .t706 pyt is rapidly internalized and replaced by newly

points, and the radiation dose was calculated using published S hesized | | h . I A9 |
values for radioactivity located in the cytoplasm. Both specific SyNthesized molecules, so that approximately Ald mol-

and nonspecific toxicity were evaluated. Results : The p-particle ~ €cules are taken up per cell per d@y4. The internalized
emitters had considerably higher levels of nonspecific toxicity ~Abs are rapidly delivered to lysosomes and catabolized, but
than the Auger electron emitters, but both 31| and Y, and if “residualizing” radiolabels are used (which are trapped
particularly 131, still had high levels of specificity. Both of these inside the cell, usually within lysosomes, after catabolism of

results were consistent with dos'metgl Calcug?t'ons' Relative 10,0 Ab), alarge amount of radioactivity accumulates intracel-
the delivered disintegrations per cell, 131l and ¢’Ga were the most lularly

potent of the radionuclides tested, with 1251 and In being significantly ) ) )
weaker and %Y being intermediate. The high potency of 5’Ga, The 3 radionuclides that were tested previously were

together with its low nonspecific toxicity, caused this radionuclide — selected because of their emission of Auger and conversion
to have the highest specificity index. COI"IC|USi0i"I : When deliv- e|ectrons_|ow_energy electrons that are expected to be
ered by Ab LL1, both Auger electron and -particle emitters can  yqgt effective when emitted from an intracellular site. The

produce specific and effective toxicity. The choice of the optimal ;-4 (ose delivered, calculated from the cellular uptake
radionuclide for therapy may depend on the ease and efficiency

of labeling, the specific activity obtained, the nature of the tumor ~ @Nd the tables iMIRD Cellular S Valueg5), supported the
being targeted, and other factors, but the high specificity indices  notion that the amount of radioactivity delivered was

of the Auger electron emitters may be an advantage. sufficient to produce the toxicity observed. We believed that
Key Words: radiolabeled Abs; in vitro cytotoxicity; B-cell lym-  such radionuclides might have an advantage in specificity
phoma; antiCD74 antibody over high-energy3-particle emitters, such asl and °°,

J Nucl Med 2000; 41:2089-2097 which are usually used for radioimmunotherapy; that is, the

high energy of theB-particles results in delivery of a
substantial radiation dose to organs that are not specifically
W targeted, the most important being the bone marrow, because
e demonstrated recently that B-lymphoma cells iof the presence of the radionuclide in the circulation. In
vitro were efficiently and specifically killed by LL1 conju- contrast, Auger-emitting radionuclides are much less toxic
gated to 3 radiolabels, naméfyin, 124, and®"Tc (1). Cells to nontargeted cells, allowing higher doses of radioactivity
I to be administered6j. Thus, it seems possible that for
Received Oct. 29,1999, revision accepted Jun. 8, 2000. rapidly internalized Abs such as LL1, the killing of tumor
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toxicity occurs. However, these hypotheses need to beids to inhibit catabolism, which are linked to 2 of the carboxyl
tested, and the major purpose of this study was to determigteups of DTPA. The molecule was iodinated using chloramine-T
experimentally which radionuclides are most effective argid was then conjugated to the thiol groups of mildly reduced Abs.
most specific in this in vitro system. High labeling efficiencies of up to 90% and high specific activities

When present in sufficiently large quantities in th@' UP o 444 MBa/mg (12 mCi/mg) were obtained, which were
cytoplasm, B-particle emitters will also be toxic, as iScomparabIeW|th the levels obtained with a chloramine-T label. The

ST . .1Mn Abs and®’Ga Abs also had specific activities of 370-740
indicated by the calculated intracellular S values for radi P

. . . . i\l/'IBq/mg (10-20 mCi/mg), and th®¥Y Abs had specific activities
tion emitted in the cytoplasm and targeting the nucl&)s ( of approximately 185 MBg/mg (5 mCi/mg). Al labeled Abs were

For a Raiji cell size (diameter, 15.4 um; nuclear diamet&fpalyzed by either gel filtration HPLC on a Bio-Sil SEC-250
12.3 um), these S values (in units of $G5y/Bq) are 1.54 column (BIO-RAD, Hercules, CA), or by instant thin-layer chroma-
for 34 and 0.68 for®%Y compared with 1.18 fof'in and tography on Silica gel strips (Gelman Sciences, Ann Arbor, MI), or
1.92 for1?. The S value fo’Ga, another Auger electronboth, and>90% of the counts were associated with Ab (usually
emitter used in this study, is 1.33. Thus, we predidfél >95%). Immunoreactivity was monitored by 2 types of cell-
would be comparable with the Auger electron emittefdinding assays: (a) In our standard binding conditions, with a
whereag®Y would be somewhat less effective. However, wéefined cell number and a defined Ab concentration in MBg/mL,
expected that nonspecific toxicity from tBearticles would such_ that nel_the_r At_) nor antigen was saturatmg, Fhe level of b|_n<_j|ng
be a significant factor at the concentrations used in our rovided an indication of both Ab immunoreactivity and Ab avidity

. . | nII labeled Abs showed generally similar binding in this assay);
vitro expe_rlments_, _up to 1_'85_3'7 MBg/mL (50__100 HCI nd (b) binding under conditions of antigen excess (using a large
mL); that is, sufficiently high levels of3U or °0Y in the

) 2y = - . __number of cells, serially diluted) demonstrated the maximum

medium will kill cells, independent of any antigen-specifigindable CPM. Representative Ab preparations were tested in this
uptake by the cells. Such nonspecific toxicity in Vvitro isvay: the maximum bindable ranged from 53% to 65%, with no

similar in certain respects to toxicity delivered to bonevident differences between the radiolabels used.

marrow in vivo from circulating radioactivity and may

correlate with nonspecific toxicity in vivo (although thisin vitro Cell Toxicity

remains to be investigated). We omitt€Tc from this | ymphoma target cells (2.5 or & 16 cells per well) were

study because, although it produced a 99% kill in previoyated in 24-well plates in 1.5-mL medium. Ab was added to obtain
experimentsY), it was not as potent d8'in or 1, possibly the desired concentration of radioactivity but did not exceed 5
because its half-life is too short. We includ&®a because pg/mL, a near-saturating concentratiot). (Ab was kept in the
an effective chelator was availabl® ( medium for the duration of the experiment, but it was diluted
approximately 14-fold on day 2, when the entire contents of each
well were transferred to a T30 flask containing 20-mL medium.
Therefore, most of the uptake was in the first 2 d. This transfer was
Tumor Cell Lines and Antibodies required to maintain the cells in exponential growth. Toxicity was
Raji B-cell lymphoma cells, their culture conditions, and Atguantitated by viable cell counts, using Trypan blue staining to
LL1 were previously described). Control Abs, MN-14, and Mu-9 identify dead cells. Either 100 cells or all 9 large squares on the
are murine IgGJs, as is LL1; these were supplied by the antibodfiemacytometer (for cases in which the cell count was low) were
production facility at Immunomedics, Inc. (Morris Plains, NJ)counted. The functional percentage cell kill was calculated from
Cells routinely tested negative for mycoplasma contaminatidhe growth curves. This calculation does not take into account any
using the Mycotect assay (Life Technologies, Grand Island, NY).delay in cell division resulting from irradiation. Such division
delays are known to occur in many cas&g)( so the calculation
Radiolabeling may overestimate the percentage killed; therefore, the calculated
Conventional labeling with?3 and labeling with*ln-benzyl- value is designated the “functional” cell kill. More specifically, the
DTPA (ISO-TEX, Friendswood, TX) were described previously iime required for 16-fold cell multiplication was determined in
detail @). We used®Y (New England Nuclear, Boston, MA) in a control and treated wells. The value from control wells, in each
similar manner td'ln to label benzyl-DTPA conjugates. Preparaexperiment, was used to calculate the “doubling time” (this value
tion of C-NOTA and its conjugation to Abs has been describednged from 20-28 hr). The time required for treated cells to
previously ). For®’Ga labeling, 18.5-37 MBq (0.5-1.0 m@lGa multiply 16-fold was expressed in doubling times and is designated
(Mt. Sinai Medical Center, Miami, FL) was diluted to 0.3 mL with“time required” (TR). The fraction surviving (FS) equalégl™ 4.
0.1 mol/L ammonium acetate buffer (pH, 5.5) containing 20~  In certain cases, in which partial toxicity occurred, the medium
mol/L acetylacetone. Ab (0.1 mg) conjugated with C-NOTA wagurned yellow, and cell growth slowed before 16-fold multiplica-
added and incubated for 1 hr at room temperature. Then DTPA wtam was attained. In such cases, additional medium was added to
added to a final concentration of 1 mmol/L. If the unbo@f@a by maintain the cells in exponential growth.
instant thin-layer chromatography (as described below)»&3%, A limiting dilution clonogenic assay was used for more precise
which sometimes occurred, the product was purified over a PD-fiQantitative analysis of toxicity. After the same 2-d exposure to the
gel filtration column (Amersham Pharmacia, Piscataway, NIBbeled Ab, cells from 1 well of a 24-well plate were serially
equilibrated with phosphate-buffered saline containing 1.0% hd#uted, using 8 serial 4-fold dilutions. Each dilution was plated in
man albumin. The new residualizing iodine label, IMP-R2, wa48 wells of a 96-well plate. To achieve high cloning efficiency
described recently by Govindan et ab).(Briefly, IMP-R2 is (>50%), it was necessary to use feeder cells, namely mitomycin
composed of 2 tetrapeptides containing tyrosine, made of D-ami@etreated Raiji cells. Cells at a concentration of &6lls/mL were

MATERIALS AND METHODS

2090 THE JourRNAL OF NUCLEAR MEDICINE ¢ VOI. 41 « No. 12 « December 2000



treated with mitomycin C at 50 pg/mL for 45 min at°€7 washed,
and plated at 10feeder cells per well. There was no growth of thg
feeder cells alone, which was tested in every experiment. T|
fraction of wells with growing clones was determined at day 1
after plating. (Control clones were large and countable after 12
but the irradiated cells grew more slowly, so 2 additional days we|
allotted.) Dilutions at which 10%—-90% of the wells were negative
were used for calculations. If FN equals the fraction of wells that
are negative, then the average number of cells per well is —In(FN
(11).

L3
2 "a

=
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Ab Uptake Experiments
Cell-bound CPM was determined under identical conditions {o
those used for the toxicity experiments, using replicate wells. At
various time points, in duplicate, cells were pelleted, washed| 3 E
times, and the CPM determined. Cell counts were obtained befpre Days
harvesting. In the clonogenic assay, time points after day 2 were
prepared differently, because the cells were cloned at this tinpe. 100
Aliquots of cells were diluted with 10-mL culture medium into T25 g’ 10
flasks, to maintain the cells under optimal growth conditions and fto S
prevent significant additional uptake of Ab. At various times, from E 102 -
day 3 to day 6, cells from each flask were counted, washed, gnd S 103
assayed for radioactivity as described above. n
S 1044
o
B 105
g
L.

-6
were calculated. The-counter efficiencies were determined by 10
comparison with the Nuclear Associates Deluxe Isotope Calibra 107 T T T
Il (Victoreen, Cleveland, OH) and were 76.5% f8#, 70.9% for 0 5 10 15 20
14n, 65.5% for®’Ga, and 51.7% fo¥®4. The y-counter efficiency " -
for 0¥ (which is a complex issuel@)) was determined by Initial HCIImI
comparison with a Capintec CRC-15R dose calibrator (Rams
NJ), with a calibration factor of 4& 10. The sample in the dose
CBE’(‘JIIS?;TO'(AVX?S;Q lsomll%gfyeiubilzth\gaslégﬁgrEgglc?yr;?blL\Jl#t(:rea way (open symb_ols). Cells were incubated for 2 d with rao_liola-
’ o . - ’ ! beled Ab at starting concentration of 0.74 MBg/mL (20 pCi/mL)
samples consisted of 50 WL in a particular plastic tube. Theijes) 0,37 MBg/mL (10 pCi/mL) (squares), 0.185 MBg/mL (5
y-counter efficiency fof%Y was 21.5%, which was similar to that ,,ci/mL) (triangles), or 0.095 MBg/mL (2.5 pCilmL) (inverted
reported by othersl@). Multiplying the disintegrations by the S triangles). Growth rate of control, untreated cells is also shown
value yielded the dose in rads (cGy). The S values were obtain@dtted line without symbols). Data shown are cell counts
from Goddu et al.§). The variables that must be entered; the radiibtained at various times and are representative of 2 experi-
of the cell, R, and the nucleus, Rwere determined previouslyy, ments, each done in duplicate. Cells treated with highest concen-
Raji cells increase markedly in size after lethal irradiatiby) put ~tration of LL1 were 100% killed, because no viable cells were

this was not taken into consideration for purposes of dosimetfigtected after day 6, and growth of a single viable cell would be
calculations. réadily detected in 22 d. (B) Fraction surviving was calculated

from growth curves, as described in Materials and Methods

The radiation dose fr.o.m.radl.oa.ctlwty n thg medium, Whlcgection, and plotted versus the initial pCi/mL for LL1 (filled circle)
corresponds to nonspecific irradiation, was estimated3brand or the nonreactive control Ab (filed square). One hundred

%Y. We assumed 100% absorption of the emitted electrons, apgkcent killing cannot be shown on exponential y-axis, but
used S values) from Weber et al. 13) for the electron energy next-higher concentration of Y-LL1, 20 uCi/mL, produced 100%
emitted per decay. Because the cells were at the bottom of the wkilling. Results shown are representative of 2 experiments, each
the dose at this location was considered to be half the dose withione in duplicate.

the medium. For the Auger electron emitters used, the dose

delivered to the nucleus from the medium was not significant.

Dosimetry
From the curve of bound CPM versus time and theounter
efficiency, the disintegrations per cell over various time interva

n

=}
=

IQI/’GURE 1. (A) Toxicity of 90Y-LL1 for Raji cells (filled symbols)
I;:ompared with nonreactive control Ab MN-14 labeled in same

way as LL1. Figure 1A is an example of the experiments

RESULTS performed, in this case witlfY-labeled Abs. LL1 produced
Specific and Nonspecific Toxicities of 5 Radionuclides a 100% kill rate at the highest concentration tested, 0.74
Conjugated to LL1 or a Control, Nonreactive Ab MBg/mL (20 pCi/mL). A concentration of 0.37 MBg/mL (10

These experiments were intended to determine whetheZi/mL) also produced strong killing results, with a surviv-
the LL1 conjugates could kill cells and to what extent thing fraction of 1.6 X 1075, 0.185 MBg/mL (5 pCi/mL)
killing was antigen specific. Nonspecific toxicity was deteproduced approximately 98.6% killing; and 0.093 MBg/mL
mined with a nonreactive control Ab, labeled in the sam@.5 uCi/mL) produced 84% killing. The nonspecific toxicity
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from the labeled control Ab was much less but stilisotopes with longer half-lives. Therefore, Panel B shows
substantial. Figure 1B shows a plot of FS versus initidlhe total disintegrations per well on the x-axis. The only
MCi/mL Although the nonspecific Ab did not Kill strongly,substantial difference between these 2 plots is a small
even at the highest concentration tested here, we estimaggtward shift of the'?d curves. Note that?® appears to
that LL1 was 4- to 8-fold more toxic than the nonreachave displayed significantly less nonspecific toxicity than
tive Ab. the other Auger electron emitterSiin or 6’Ga, probably
Figure 2 summarizes the data obtained with the 4 othkeecause of the lack of higher energy electror8Qq keV)
radionuclides tested. As shown, all of the radionucliddsom 1?9. Table 1 lists the estimated initial radionuclide
tested produced strong, antigen-specific toxicity. Howevemncentration required to achieve 99% killing of Raji cells
considerable nonspecific toxicity was observed only withonspecifically. This was calculated from a semilog plot of
the B-particle emitters. Thus®Y on a nonreactive Ab, FS versus initial concentration, by interpolation or extrapola-
produced 94% cytotoxicity at the highest concentratiaion; in those cases in which extrapolation was required, the
tested, 0.74 MBg/mL (20 pCi/mL) (Fig. 1), addi on a lowest percentage killing was 94%, so the extrapolation was
nonreactive Ab produced 75% toxicity at 0.59 MBg/mL (1éot far. Although®®Y was slightly more toxic thad®l, and
pCi/mL) (Fig. 2). Such levels of killing were substantial, yet*in andé’Ga were somewhat more toxic th&#, the major
relatively minor in this context. For example, 94% killingdifference was between thgparticle emitters as a group
would result in a growth delay of only approximately 4 d. Irand the Auger electron emitters as a group. The mean
contrast, the Auger electron emitters produced no significaiadionuclide concentration required for 99% Kkill was
toxicity at the concentrations used in these experimenfisB1 = 1.00 MBg/mL (48.9 £ 26.9 pCi/mL) for the
which were selected because LL1 conjugates at the sapparticle emitters’ and®°Y) and 15.95+ 9.21 MBg/mL
concentration produced 100% Kill. (431.0 = 248.8 uCi/mL) for the Auger electron emitters
To better determine the level of nonspecific killing(**n, 6’Ga, and29), and this 8.8-fold difference was
similar experiments were performed with higher concentratatistically significant < 0.01). At very high concentra-
tions of radioactivity on the control Ab. Figure 3 shows thé&ons, efficient killing was obtained with the Auger electron
level of nonspecific killing observed with the radionuclidegmitters: nearly complete killing was observed with these
used in this study and demonstrates that nonspecific killingdionuclides at 18.5-37.0 MBg/mL (500-1000 pCi/mL).
was much greater with thg-particle emitters than with the One of the goals of this study was to determine a
Auger electron emitters. The data are plotted in 2 wayspecificity index for the 5 LL1 conjugates, meaning the level
Panel A shows the starting uCi/mL on the x-axis. Because @ff antigen-specific toxicity relative to nonspecific toxicity,
the large variation in half-life of the isotopes tested (rangand defined as the ratio: (concentration of nonspecific Ab
64-1443 h), the total disintegrations per well, over the 2+@quired for a particular percentage kill)/(concentration of
period of incubation, was considerably higher for thélL1 required for the same percentage Kkill). Specificity

10° —————1 10° —
-1
102 101
1072
o 104 103
FIGURE 2. Toxicity of Ab LL1 conjugated c % 10 ]
to 4 radionuclides for Raji B-lymphomaccells | 5 10° - Ga-67 5
(filled circles). Results are also shown for a — a- 107 - In-111
nonreactive control Ab (filled squares). Cells E 1078 4 . - . . . 106 . . . .
were incubated for 2 d with indicated start- -
ing concentration of Ab, then diluted and /2] 0 5 101520 25 30 0 25 50 75 100
counted at various times. Fraction surviving c 10° 10°
was calculated from growth curves as de- (]
scribed in Materials and Methods section. | %= 1071 104 |
One hundred percent killing cannot be g 102.
shown on the exponential y-axis, but all the o 3 102 |
LL1 conjugates used produced 100% killing LL 107 -
at next-higher concentration, which was 2 104 10°3 |
or 3 times higher than highest concentration [-125 I-131
shown. Results shown are representative of 105 10+
at least 2 experiments performed with each ' ' ' ' ' ' ! !
radiolabel and Ab, each done in duplicate. 0 10 20 30 40 50 0 5 10 15 20
Note different scales on x-axis. Similar ex- ag .
periments with °0Y label are shown in Fig- Ir"tlal HCllmI
ure 1.
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FIGURE 3. Nonspecific toxicity of 5 radionuclides conjugated

to control nonreactive Ab. Experimental protocol was as de-
scribed in Figure 1, except that higher concentrations of radioac-
tivity were used. Results are shown for °0Y (open squares), 1311
(open circles), 1?1 (filled circles), 1In (filled triangles), and §’Ga
(filled squares). Note that B-particle emitters have open symbols,
whereas Auger electron emitters have filled symbols. Separate
curves indicate different experiments with same radiolabel. lo-
dine labels used a chloramine-T label, rather than IMP-R2 label
used with LL1, because there was virtually no nonspecific uptake
of radionuclide by cells (1), and therefore there was no need to
use residualizing label. (A) x-axis shows initial uCi/mL; (B) x-axis
is total disintegrations per well (total volume, 1.5 mL) in 2 d. Only
substantial difference between parts A and B is small rightward
shift of 1251 curves.

indices determined at the level of 99% kill are summarized
in Table 1. This ratio is a constant, independent of the
percentage kill chosen, if the semilog toxicity curve is linear, radionuclide
as appears to be the case. Table 1 also shows the concermtres
tion of LL1 conjugate required for 99% Kkill, for each
radiolabel; there are significant differences between the

radionuclides tested. Thus, a group of 3 radionuclié&k,

%Y, and ¢’Ga, required only 0.11-0.16 MBg/mL (2.9-4.4
pCi/mL), whereas® required 0.34 MBg/mL (9.1 pCi/mL)
and Min required 0.50 MBg/mL (13.6 pCi/mL). The po-

index was 7.7 fof%, which was considerably lower than for
the other radionuclides teste#f and 4n had similar
specificity indices of 25-30. The value f&f was higher,
approximately 75, which can be attributed primarily to its
very low nonspecific toxicity, because the specific toxicity
was somewhat lower, in terms of MBg/mL required, than for
131 or 20Y. The value fof’Ga was also high at approximately
95; this high value was from both potent specific killing and
relatively low nonspecific killing. In conclusion, when
conjugated to Ab LL1, th@-particle emitterd3l and®®Y are
more potent at killing cells than the Auger electron emitters
129 and Mn, but the disadvantage of tifleemitters is their
higher nonspecific toxicity. Becausél-LL1 is almost 6
times more potent thaitlin-LL1, its specificity index is
similar to that of''n. The apparent exceptional radionu-
clide is ¢°Ga, which kills as potently as th@-particle
emitters, yet has the low nonspecific toxicity of the Auger
electron emitters, resulting in a considerably higher specific-
ity index than any of the other radionuclides tested.

Was Cross-Fire a Significant Factor in Toxicity
with B-Particle Emitters?

It seemed possible that there might be significant cross-
fire between cells, meaning that a significant fraction of
irradiation hitting each cell might derive from a radionuclide
bound to adjacent cells. This possibility arose because the
cells settled at the bottom of the 24-well plates, and by day 2,
at the time of transfer to T30 flasks, the cells were confluent
and contained a large fraction of the total CPM in the well,
as much as one third of the totd)(However, this effect was
limited by the geometry: Because the cells formed a
monolayer, only a very small fraction of th@-particles
emitted from 1 cell would hit the nucleus of adjacent cells.
To evaluate the magnitude of this factor, experiments were
set up at 2 different cell concentrations. In addition to the
normal concentration, other wells contained 50-fold fewer
cells but were otherwise identical. If cross-fire was signifi-
cant, there would be much less killing in the cells plated at a
low concentration. However, the toxicity was very similar at

TABLE 1
Specific and Nonspecific Cytotoxicity of 5 Radionuclides
for Raji Cells

Concentration required
for 99% kill (uCi/ml)

Specificity
LL1 Nonspecific Ab index
Win 136 £0 3323+ 36 24.4
125) 9.1+25 685.8 = 328.2 75.4
67Ga 29+0.8 275.0 = 62.2 94.8
131) 23*0.2 71.6 = 31.0 31.8
0y 44+11 33.7 £10.1 7.7

Concentration listed is initial concentration at time 0. Specificity

tency of the various radionuclides is compared more defirdex is defined as ratio of: concentration of nonspecific Ab required
tively below, where we describe the results of directlipf 99% Kkill:concentration of LL1 required for 99% Kkill. Values

assaying disintegrations per cell. The calculated specific

RabpioLABELED CD74 AnTIBODY ¢ Govindan et al.
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both cell concentrations for botR4-IMP-R2 and®Y (data

not shown), indicating that cross-fire was not significant and 100
that the radiation killing the cells came primarily from the ©
same individual cell. This experiment was performed pre\i- § 10
ously with™4n-LL1, with similar results ). E
Comparison of the Potency of 5 Radionuclides 033 102
Conjugated to Ab LL1 c
Although the specificity index is in many respects the @ .
most important criterion for therapeutic use, the potency bf © 10
the various radionuclides is also important. This is trueE
because, in vivo, some cells may not be fully saturated with —~ 10+

Ab, and it is important to effectively kill those cells with lesq N
uptake of radioactivity. Thus, experiments were designed|to 0 50 100 150
determine which radionuclides were most potent per decdy. 103 x Disintegrations per cell
The data presented in Table 1 provide some indication |of
relative potency, but that data include only the initiaIIZIGURE4 Relationship between fraction surviving and total
Concentrat!on pf 'iadloaCtIVIty in the wells. Although thlsdi integrations per cell. Raji cells were incubated with radiola-
concentration is, in general, closely related to the actu@lieq LL1 for 2 d, and fraction surviving was determined by
uptake, the relationship can vary depending on the specifiénogenic assay. Cell-bound CPM was determined at days 1, 2,
activity of the conjugates, the immunoreactivity of theé, and6, ordays 1,2, and 5, and cumulative disintegrations per
conjugates, the half-life of the radionuclides, and Othézltlz:ﬁ(;elll,l;rl({:‘r:)b(igl;’\l(?)reer?a(:li(l:'lé:zie)dizge(?itljgcsi grrilssh)o"l‘fl‘mf‘zi“g;\é
factors. Thgrefore, in experiments with all ,5 rad_lonUC“qe ﬁgnglesq), and 6’7Ga (fiIFed squares’). Note that B-partii:le emitters
we determined actual CPM per cell at various time pointgaye open symbols, whereas Auger electron emitters have filled
calculated the cumulative disintegrations, and compared tBisnbols. Separate curves indicate different experiments with
with the percentage cell kill determined in the same expegame radiolabel.
ments. In these experiments, cell kill was monitored by a
clonogenic assay, rather than by determination of the gI’OV\{Th s (L0.14. Theref the first 2 d. th tual cell
rate, because this was considered to provide a more accurate - (L0,19. Therefore, over the 1irs » (e actual ce

. . .~~~ number was never substantially higher than the initial cell
estimate of the percentage kill and because prehmmarr]}ﬁmber

experiments indicated that differences between some of th%\s shown in Figure 4, there were significant differences

radionuclides were relatively small. The cloning efficienc . . .
. . etween the radionuclides in the dose-response cti¥e.
of control Raji cells was 60.3% 22.9% (meant SD) in 111 : .
nd *4n were less potent than the other 3 radionuclides

the experiments performed. These experlments were (i?eeéted.WGa was more potent than the other Auger electron
signed to have levels of cell kill of approximately 99%—

. . mitters and comparable witk#!, which was the most
99.9%, to provide more accurate comparisons between . . o . :
. . . : - potent radionuclide tested. This finding, then, is consistent
radionuclides than would have been achieved with higher : .
. . . with the data shown in Table 1, which were calculated from
levels of cell kill. The highest concentrations used, deter- .. : . . .
. . : . entirely different experiments, using different assays to
mined from the earlier experiments described above, were as

follows: 11, 0.59 MBa/mL (16 uCi/mL) 23, 0.44 MBg/mL measure FS. pwas calculated from these curves, from a
(12 uCi/mL)" 67‘Ga 0.30 MBg/mL (8 uC’i/rr;L).' and®l and straight line calculated by linear regression: This is the dose

90Y, 0.22 MBg/mL (6 uCi/mL). Two 2-fold dilutions of each requwed tg kil 63% of the cells. The.mean val;,|3e§, n
of these concentrations were also tested. disintegrations per cell, were 15,110 f§¥; 9,359 for13Y;
There are 2 possible ways of presenting these data: %?/’598 for™in; 24,924 for'*3; and 10,165 fof"Ga.
disintegrations per actual cell number or by disintegratiom¥®simetry
per initial cell number. Although superficially it might seem There are several complications in the calculation of the
that use of the actual cell number is most meaningful, in faidiation dose delivered, in cGy, most of which have been
there are problems with this approach, and the use of ttiscussed above or previousit)( A basic problem is
initial cell number is preferable. This issue was discusseahcertainty regarding when the cells are reproductively
previously, and data were presented showing the differencead, considering that the radionuclides remain inside the
between the methodsl) Therefore, even though wecells for many days. That is, cells may be reproductively
determined the actual cell number in every experiment déad at day 2, but still intact and counted as viable; any
every time point, Figure 4 shows the use of disintegratiomadiation delivered after this time would be irrelevant. Still,
per initial cell number. In any case, it should be noted thdtis useful to calculate the estimated cGy dose delivered, to
although control cells, of course, multiplied considerablgietermine, at least, if the values are reasonable. Moreover, if
over the first 2 d, the irradiated cells showed very little cethe S values provided bMIRD Cellular S Valueg5) are
division, as a consequence of irradiation at these fairly higipplicable to our experimental system, a plot of FS versus
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calculated absorbed cGy dose should show similar curvesitters are much less toxic thgtparticle emitters in mice
for all the radionuclides tested. As shown in Figure 5, this {$). This, of course, may represent an advantage of Auger
the case for LL1 conjugated f8Ga, 13U, and °°Y, and the electron emitters for cancer therapy. However, there are
toxicity curves with these 3 radionuclides are very similar teeveral reasons whg-particle emitters, particularly34,
the curve obtained previously with irradiation B§Cs. should not be eliminated as candidates for clinical use in
Considering that th&Cs dose was administered over a fel.L1 conjugates. First3l was as potent in specific killing as
minutes, whereas the Ab dose was administered over 5—-@dy of the other radionuclides tested, as shown in Table 1
the similarity in these curves is remarkable. In contrast, thd Figure 4, and significantly more potent than most of the
toxicity mediated by?4 and*!in appears to be significantly Auger electron emitters. Therefore, the specificity index for
less than that predicted from the calculated cGy dose. 134 was comparable with that fé#in, although it was lower
than that for'?y or 6’Ga. Second, because of their higher
DISCUSSION energy, B-particles are able to kill cells that are close to

We previously described the cytotoxicity mediated bgintigen-positive cells but are not directly reached by Ab.
LL1 conjugated td28 and!4n (1). As a continuation of this These may be cells that are antigen negative or antigen low
study, we have herein similarly demonstrated toxicity witAr cells that are not efficiently reached by Abs (because of an
67Ga, 13, and °°Y. 6’Ga is another Auger electron emitterinadequate blood supply). Thus, it could be argued that
whereas'® and %Y are B-particle emitters. All of these B-particle emitters are more versatile in their ability to Kill
radionuclides were able to effectively and specifically kilboth single cells and large tumor masses.

B-lymphoma, with 100% kill &6 logs). These results are Although®®Y produced slightly greater nonspecific toxic-
generally consistent with radiation dose calculations that dfg than %1, the difference was not as large as expected, on
based on the uptake of CPM/cell and the intracellular t8e basis of dosimetry calculations. With an initial concentra-
values of the radionuclide8); In this study, we attempted totion of 1.85 MBg/mL (50 puCi/mL), which is close to the
determine which of the radionuclides has the highest levelwfaximum values used in Figure 3 with tt@particle
potency and specificity. Although significant differencesmitters, the dose ov@ d was calculated to be 447 cGy for
between the radionuclides were evident, it should be not&dl and 1862 cGy for®Y. Given a O for Raji cells of
that these differences were not large, and the selection of #igproximately 90 cGy, and an extrapolation number of 1.31,
optimal radionuclide for therapy depends also on oth®rhich were previously determined by irradiation wiffiCs
important factors (discussed below). (2), the predicted FS is 0.009 and 2410 °, respectively.

A major difference betweep-particle emitters and Auger This value is reasonably close to the observed valu&thr
electron emitters, in this experimental system, is the highleat the killing by®°Y is much less than predicted. This can
level of nonspecific killing observed with the former. It isbe attributed to 2 factors, primarily. First, the assumption of
possible that this type of nonspecific toxicity in vitro mayl00% absorption is not true for the high-energy electrons of
correlate with bone marrow toxicity in vivo, and in factoy; the total volume of medium, 1.5 mL, would absorb
considerable evidence demonstrates that Auger electapproximately 73% of the electron energy, if it were

spherical 15). Second, cells at the edges of the well receive

a lower dose than cells in the center, by at factor of at least 2,
10° and cells tend to be most dense at the edges. Although we
o have not attempted to develop a model that incorporates
£ 107 these factors, because the geometry is complex, these simple
2 2 corrections would predict a dose fré¥¥Y of 680 cGy at the
S 10 edges of the well and a survival fraction of 6:9 104,
N 103 which is relatively close to the actual value.
c It should be noted that there are many assumptions
;,,9_, 10+ involved in the dose calculations that make them only
g 5 approximations. More specifically, the calculations assume
' 10 that the nucleus and the cell are concentric spheres and that
10 ] . . | tf:e rad'iot\nl?;:tivit% |ts homlcl)getrlebtnlpilyddtiﬁtr:tzﬁted in tthe .Cyt.(t)'
plasm. ough it is well established that the great majority
0 1000 2000 3000 of the radioactivity delivered by*in- or ?3-IMP-R2-LL1 is
cGy retained in lysosomes4(16), the exact location of the

lysosomes within the cytoplasm is not known, and it seems
FIGURE 5.  Relationship between fraction surviving and calcu-  |ikely that lysosomes are not randomly distributed. Because
lated cGy dose. Using data presented in Figure 4, cGy dose per 5y of the Auger electrons emitted have a range in tissue of
cell was calculated from disintegrations per cell. Separate curves <15 th dist f th | b
indicate different experiments with same radiolabel. Dotted line 5 um (the average ',S ancg_ rom the nuclear membrane
shows toxicity caused by irradiation from 27Cs, which was 0 the cell membrane in Raji cells), the frequency of

determined previously (). lysosomes close to the nuclear membrane significantly
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affects the radiation dose delivered to DNA. Thus, certaibhemical, heavy-metal toxicity of released free gallium is
radionuclides may be more or less potent than would bmlikely to play a role, because the stability of the chelator is
indicated by their calculated S values. We speculate that tiisry high, with approximately 1% release of free gallium per
factor may explain the relatively low cytotoxic activity ofday at 37°C 7), which was confirmed under our conditions
129 and 4, relative to the calculated cGy dose (Fig. 5)of tissue culture (unpublished data).
These 2 radionuclides only, of the 5 tested, emitted largeOur method of’Ga labeling produced a specific activity
amounts of very-low-energy electrons5 keV (Fig. 6). of approximately 370 MBg/mg (10 mCi/mg), which is high
These electrons may have had less of an impact thamough for most purposes, but it should be noted tHat
expected, possibly because of the presence of few lysosorvesjugates can be prepared at much higher specific activi-
close enough to the nuclear membrane. ties, up to 2960 MBg/mg (100 mCi/mg), which can be
The emergence dfGa as the optimal radionuclide wasconsidered an advantage @fin. On a practical level, this
unexpected®’Ga had little nonspecific toxicity, like the means that less Ab conjugate is required for particular
other Auger electron emitters, but its potency in specifiexperiments. The reason for the greater labeling capacity
killing was considerably higher than that of the other Augegith 1*4n is not known, but several possibilities should be
electron emitters, being virtually identical to that f, considered: (a}!4n as supplied may have fewer interfering
which had the highest potency of the radionuclides testagletal contaminants; th€4n used is a high-purity grade
This may be explained by a comparison of the electrom®m its supplier; and (b) the macrocyclic Ga chelator NOTA
emitted by the various radionuclides, which is shown ifmay be less readily entered than the open In chelator
Figure 6.5’Ga has 2 properties that distinguish it frdfl  penzyl-DTPA. Indeed, the macrocyclic In chelator DOTA
andin. First, it emits a relatively abundant electron of 84joes not allowin labeling to as high a specific activity as
keV. Second, the low-energy electrons are in the range @des benzyl-DTPA, in our experience (unpublished data).
5-10 keV, rather than 0-5 keV. Itis likely that the potency abther open-chain Ga chelators have also been used to label
®/Ga can be attributed to 1 or both of these propertieps. The chelator HBED-CC appears not to be a residualiz-
ing label @L7), so is not useful for this purpose. Deferox-
amine has been used with a carrier molecule of dialdehyde

1.0 starch to obtain a chelator:Ab ratio of 6:1 and a specific
0.8 1' In111 } activity of 11,766 MBg/mL (318 mCi/mg)1g).
0.3 1 1 Inasmuch as this study used 2 different chelators, as well
0.2 as a novel ligand for iodination, it is necessary to consider
) whether differences in these labeling methods may have

0.1 4 contributed to the results. All of the chelators used are
0.0 . known to be very stable, witkc1% release of the radioli-

0 25 50 75 100 125 150 175 200 225 gand per day{,8,19, gnd this sFablhty Was_conflrmed in our
0.6 standard Ab processing experiments, which were performed
05 | | Ga-67 with all of the conjugates tested except P_éY—DTPA (8,9_,

g "’ and unpublished data f6fGa-NOTA). The immunoreactiv-
0.3 9 ity of all radioconjugates was similar, as stated under the
0.2 4 Materials and Methods section, and the level of dissociation

of intact Ab, in Ab processing experiments, was similar for

Number of electrons per decay

0.1 1 all radiolabels, which indicates no substantial damage to 1 of
0.0 the 2 binding sites on the AR(Q). Regarding retention of
0 25 50 75 100 125 150 175 200 225 catabolites by the cells, this depends on the inability of the
3.0 molecules to cross cell membranes and, therefore, is similar
2911 1-125 for a wide variety of hydrophilic moieties. Similar retention
03? : of MIn-DTPA, §’"Ga-NOTA, and iodinated IMP-R2 was
' demonstrated in direct comparisons in vitr8,9 and
0.2 unpublished data fd"Ga-NOTA). Although®®Y-DTPA was
0.1 . not tested in vitro, this label was tested extensively in vivo,
in tumor localization experiments, and behaved similarly to
0.0 4 ‘ other residualizing radiolabel21). Moreover, we expected
0 25 50 75 100 125 150 175 200 225 that 9Y-DTPA would be retained as well adin-DTPA,
Energy (keV) given that the chelation is stable, which was demonstrated in
Figure 6 other experimentslQ).

. g . .
FIGURE 6. Energy spectrum of electrons emitted by 25|, 1n, We Cont'nu?‘ to conside#in tQ be a useful rad'c_)nu,c,“de

and ¢’Ga. Electrons are grouped by energy in increments of 5 for future studies, even though it appeared to be significantly
keV. Note break in the scale of y-axis and different scales used. less potent than most of the other radionuclides tested, with a
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lower specificity index thaffGa and?3l. This is because the ACKNOWLEDGMENTS

labeling method fof*4n is simple (once the DTPA conju-  The authors are grateful to Dr. Habibe Karacay, Thomas
gate is prepared), and high specific activities of up to 36QQckson, Philip Andrews, and Anthony Zarcone for assis-
MBag/mg (100 mCi/mg) are readily achieved. Under theynce with radiolabeling. Sammy Elsamra was supported by
conditions we have used, we were unable to obtain such higla undergraduate Projects in Technology and Medicine
specific activities with any of the other radiolabels. Furthegsrogram of the Stevens Institute of Technology. This work

more, the iodination procedure used here was consideralys supported in part by National Institutes of Health grants
more complex than radiometal labeling. The radiatiopa39841 and CA72324.

half-life is another important factor in regard to radionuclide
selection. The 60-d half-life of23 must be considered a8 REFERENCES

disadvantage, because most of the isotope injected will not _ o
1, Griffiths GL, Govindan SV, Sgouros G, et al. Cytotoxicity with Auger electron—

decay over a reasonable therapeutic interval, even thoughyiing radionuciides delivered by antibodient J Cancer1999:81:985-992.
129 performed very well in this study. The other radionu-2. Dorken B, Mdier P, Pezzutto A, Schwartz-Albiez R, Moldenhauer G. B-cell
clides tested have 3-8-d half—lives, which seem more antigens: CD74. In: Knapp W, I?hen B Gilks WR, et al., edd.eukocyte Typing
. 1IV. Oxford, England: Oxford University Press;1989:106—108.
approprlate. 3. Roche PA, Teletski CL, Stang E, Bakke O, Long EO. Cell surface HLA-DR-
Although it is clear that the cytotoxicity with radiolabeled invariant chain complexes are targeted to endosomes by rapid internalization.

LL1 was caused by the very high cellular uptake of this Ab, Proc Natl Acad Sci USAL993,90:8581-8585. , ,
4. Hansen HJ, Ong GL, Diril H, et al. Internalization and catabolism of radiolabeled

it _seems p055|ble that a Sl_mllar approaCh may be_ effective antibodies to the MHC class Il invariant chain by B-cell lymphontischem J.
with other Abs that are not internalized at such a high level. 1996;320:293-300.

By using Abs labeled to a higher specific activity it is> Goddu SM, Howell RW, Bouchet LG, Bolch WE, Rao DV. MIRD cellular S
’ values. Reston, VA: Society of Nuclear Medicine;1997.

poss@le to deliver more radloaCtIVIty Wlt_h less Ab'_ _TheG. Behr TM, Sgouros G, Vougioukas V, et al. Therapeutic efficacy and dose-limiting
experiments reported here us&dn-LL1 with a speC|f|c toxicity of Auger-electrorvs.beta emitters in radioimmunotherapy with internal-

activity of 370-740 MBq/mg (10_20 mCi/mg) but if each izing antibodies: evaluation of?3- vs 13-labeled CO17-1A in a human
Ab | | . d with . ’ colorectal cancer moddht J Cancer1998;76:738—748.
molecule was ConJUQate with a smg‘PéIn atom' on 7. Lee J, Garmestani K, Wu C, et aln vitro and in vivo evaluation of

average, the specific activity would be 8547 MBg/mg (231 structure-stability relationship dfin- and®’Ga-labeled antibody via 1B4M or

mCi/mg). Although we are not aware of Abs being labeled to C-NOTAchelatesNucl Med Biol.1997;24:225-230. o
hi ifi tivit it f ible: h h %(31 Shih LB, Thorpe SR, Griffiths GL, et al. The processing and fate of antibodies and
this Speciic actvity, It seems feasible; we nhave reacned g ragiolabels bound to the surface of tumor cells in vitro: a comparison of nine

3700 MBg/mg (100 mCi/mg) while maintaining a high radiolabelsJ Nucl Med.1994;35:899-908.

radiolabeling efficiency. Moreover. it has been demonstrate%i Govindan SV, Mattes MJ, Stein R, et al. Labeling of monoclonal antibodies with
’ DTPA-appended radioiodinated peptides containing D-amino aBidsonjugate

th_at up to 5 c_hela_ting groups can be conjugated to an Ab cpem1999:10:231-240.
without affecting immunoreactivity 22). Therefore, Abs 10. Little JB, Williams JR. Effects of ionizing radiation on mammalian cells. In: Lee

reacting with only 2% 10P sites per cell can potentially DHK, FaIK HL, Murphy Sp, Geiggr SR, edslandbook of PhysiologyBethesda,
deli toxic d f radiati | dditi th MD: American Physiological Society;1977:127-155.
eliver a toxic aose of radiation. In adadiuon, there are marﬂ. Fazekas de St. Groth S. The evaluation of limiting dilution asshysmunol

Auger electron emitting radionuclides that are expected to Methods1982;49:R11-R23.

be much more potent than those used herein. as judgedlg))poursey BM, Calhoun JM, Cessna JT. Radioassays of yttrium-90 used in nuclear
’ medicine Nucl Med Biol.1993;20:693—-699.

their cyto_plasmK_: S_valueSSX. It is un(_:lear at_ _thIS time 13. Weber DA, Eckerman KF, Dillman LT, Ryman JC. MIRD: radionuclide data and
whether internalization of bound Ab is a critical factor. decay schemes. New York, NY: Society of Nuclear Medicine;1989.

Judging from the calculated S Vam@ (radionuclides on 14. Warters RL, Hofer KG. Radionuclide toxicity in cultured mammalian cells:
’ elucidation of the primary site for radiation-induced division deRgdiation Res.

the cell surface are almost as potent as internalized radionu-;g;7.69.345_3s8.
clides, with the difference being less than 2-fold. Thess. siegel JA, Stabin MG. Absorbed fractions for electrons and beta particles in
factors suggest that this general approach may be applicablepheres of various sizesNucl Med 1694;35:152-156. ,
16. Karacay H, Ong GL, Hansen HJ, et al. Intracellular processing of technetium-99m-
to many other Abs. antibody conjugatedlucl Med CommurL.998;19:971-979.
17. Schuhmacher J, Klivenyi G, Hull WE, et al. A bifunctional HBED-derivative for
labeling of antibodies with’Ga, in and%%e. Comparative biodistribution with
CONCLUSION 1n-DTPA and!¥}-labeled antibodies in mice bearing antibody internalizing and
non-internalizing tumordNucl Med Bi0l.1992;19:809-824.
Given sufficiently high Ab uptake, as occurs with LL1, itis. Furukawa T, FujibayashiY, Fukunaga M, et al. An approach for immunoradiomet-
is possible to efﬁcienﬂy kill tumor cells with radiolabeled ric assay with metallic radionuclides: gallium-67-deferoxamine-dialdehyde starch-

. . - . 19G. J Nucl Med.1991,;332:825-829.
Ab. In this StUdy' we obtained Complete cell klllmg (apprOXI'lg. Meares CF, Moi MK, Diril H, et al. Macrocyclic chelates of radiometals for

mately 6 logs). All of the radionuclides tested, including 3 diagnosis and therapir J Cancer1990;62(suppl X):21-26.

Auger electron emitters and B-particle emitters, were 20. Kyriakos RJ, Shih LB, Ong GL, et al. The fate of antibodies bound to the surface
. L . of tumor cells in vitro.Cancer Res1992;52:835-842.

effectlve, but there were Slgmﬂcant differences between tEP Stein R, Goldenberg DM, Thorpe SR, Basu A, Mattes MJ. Effects of radiolabeling

radionuclides. Th@-particle emitters showed more nonspe- monoclonal antibodies with a residualizing iodine radiolabel on the accretion of

cific toxicity than the Auger electron emitters. Such conju- radioistope in tumor<Cancer Res1995,55:3132-3139.
22. Kukis DL, DeNardo GL, DeNardo SJ, et al. Effect of the extent of chelate

gates seem promising fOI’. the therapy of B-cell !ymphomas substitution on the immunoreactivity and biodistribution of 2IT-BAT-Lym-1
and other tumors expressing the antigen recognized. immunoconjugateCancer Res1995;55:878-884.

RapioLABELED CD74 AnTiBODY ¢ Govindan et al. 2097



